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FOREWORD 


(U)  This  study  (S-^7^)  was  conducted  by  IDA  at  the  re- 
quest of  DARPA,  under  Task  Order  T-121:  Technical  and  Economic 

Analyses  of  Standardization  and  Independent  Subsystem  Develop- 
ment, dated  12  March  1975-  Technical  cognizance  for  the  task 
was  provided  by  the  Assistant  Director  (Planning),  ODDR&E. 

(U)  The  study  is  published  in  two  volumes.  Volume  I con- 
sists of  the  main  part  of  the  study,  plus  the  unclassified 
appendixes  (A  through  H) . Volume  II,  which  is  published  under 
separate  cover,  contains  the  classified  appendixes  (I,  J,  K, 
and  L) . 
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A.  INTRODUCTION 

This  study  examines  the  development  cf  subsystems  by  the 
U.S.  military  services.  However,  it  examines  only  two  limited 
aspects  of  such  developments,  namely,  when  they  should  be  ini- 
tiated and  whether  or  not  they  shoald  be  under  the  direction  of 
the  system  program  manager.  The  study  focuses  on  the  develop- 
ment of  operating  hardware  (full-scale  development)  rather  than 
on  additions  to  the  technology  base.  In  particular,  it  empha- 
sizes the  development  of  long  leadtime  subsystems  and  items 
that  can  be  used  in  more  than  one  system  and  therefore,  might 
be  standardized. 

We  emphasize  that  the  study  deals  with  no  more  than  the 
above  issues.  It  does  not  examine  the  basic  process  of  sub- 
system development.  Including  issues  of  engineering,  design  or 
test.  The  problem''  that  occurred  in  some  of  the  developments 
discussed  in  this  study  would  not  be  affected  by  the  policies 
discussed.  As  stated  above,  the  only  issues  addressed  are  the 
timing  of  the  initiation  of  subsystem  development  and  the  loca- 
tion of  responsibility  and  control  for  that  development. 

The  primary  results  of  this  study  are  a set  of  guidelines. 
They  are  Intended  to  be  of  general  assistance,  but  not  to  be 
adhered  to  rigidly  in  making  decisions  about  initiating  early 
development,  independent  development,  and  standardization  of 
subsystems.  The  primary  data  base  consists  of  a limited  n'lmber 
of  case  studies  of  varying  quality  and  completeness.  The  gen- 
eralizations we  have  attempted  to  draw  from  the  data  (case 
studies)  are  sometimes  contradicted  by  other,  equally  credible 
data.  Consequently,  the  apparent  lessens  must  be  viewed  with 
caution.  Uncertainties  about  future  systems  reduce  the  appll- 
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cability  of  standard  market  analysis  to  questions  of  standard- 
^ Izatlon.  The  case  histories  and  the  limited  analytical  refer- 


conclusions.  Therefore,  to  derive  the  general  guidelines.  It 
was  necessary  to  supplement  the  case  study  data  base  with  the 
use  of  judgment,  based  on  the  observations  of  the  various  au- 
thors. Although  the  data  base  Is  sn.all,  the  guidelines  have 
nevertheless  appeared  useful  In  a number  of  test  cases  that 
were  conceptualized  to  explore  their  cor;s  Lstency  and  we  con- 
sider them  as  candidates  for  further  consideration  and  review 
by  ODDR&E. 


B.  DEVELOPMENT  PROBLEMS  AND  THEIR  COSTS 

The  development  of  complex  military  systemis  Is  beset  by 
m.any  problems,  a llniited  set  of  v/hich  are  dealt  with  in  this 
study.  The  pi-oblerns  addressed  are  all  covered  by  DSARC  instruc- 
tions. Development  slip  ups  seem,  to  occur  thi*ough  excessive 
optimism,  excessive  risk-taking,  inadequate  engineering,  or  poor 
program  management  or  the  inability  of  the  DSARC  Review  Com.mit- 
tee  to  adequately  challenge  the  infc  rrnatl  on  laid  before  it. 

In  the  developmient  of  major  weapon  systen.s,  the  following 
problems,  which  ai*e  costly  in  terms  of  dollars,  have  occurred: 

1.  Poor  field  reliability  of  system's,  caused  by 
excessive  concurrency  between  the  developmient 
of  the  system  and  the  development  of  its  major 
subsystemis . * 

2.  Schedule  slippage  of  major  programs,  caused  by 
inadequate  or  late  development  of  a pacing, 
critical  subsystem. 

3.  Unsatisfactory  performance  of  a major  system, 
because  of  the  inadequacy  of  an  Important  sub- 
system. (In  an  extreme  situation,  the  entire 
developmient  m.ay  be  aborted.) 

Possible  solutions  to  these  problenis  may  also  impact  on 
the  follow'ing  subsidiary  problems: 

A.  Lack  of  competition  in  the  military  equipment 

market  after  the  award  of  the  developmient  contract 
or  the  initial  b■^v.  This  places  the  Oovernm.ent 
at  the  mercy  of  the  sole  supplier  and  can  result 
in  excessive  costs. 

This  does  not  imply  that  the  named  causes  are  the  only 
causes  of  poor  field  reliability  and  schedule  slippage. 

In  this  study,  we  concentrate  on  the  nam.ed  causes. 


I 

5.  Proliferation  of  subsystems  intended  to  perform 

(similar  functions,  with  attendant  high  production 

costs  traceable  to  small  volume  and  high  logistics 
costs  traceable  to  noninterchangeability. 

I Crude  estimates  of  the  dollar  impact  of  these  pi-oblems  are 

as  follows: 

• Poor  field  i*eliabl  li  ty  , resulting  from,  excessive 
concurrency,  is  quantifiable  for  the  A-7D  aircraft 
(see  Appendix  K)  and  is  about  10  to  20%  of  the 
total  program  cost.  Assuming  that  the  same  pro- 
portion holds  for  all  other  aircraft,  missile,  and 
vehicle  systems,  the  total  Impact  is  estimated  at 
$1-2  billion  In  FY  76.  If  ship  programs  are  In- 
cluded, the  impact  is  substantially  greater. 

•’  According  to  Ref.  13,  cost  overruns,  due  to  all 
causes  defined  as  the  ratio  of  current  estimate 
to  planning  estimate,  averaged  A0%  in  the  five 
years  from  1969  to  1973-  If  this  factor  is  applied 
to  the  197^  procurement  budget  (about  $17  billion), 
cost  overruns  would  amount  to  nearly  $7  billion. 
However,  only  a fraction  of  this  can  be  attributed 
to  schedul‘d  overruns.  The  GAO,  for  example,  has 
estim.ated  in  Ref.  9 that  schedule  overruns  cost 
$3.7  billion  in  CY  197^1. 


C.  POSSIBLE  SOLUTIONS 

In  this  study,  we  consider  in  detail  a restricted  set  of 
possible  solutions  to  the  above  problemis . K'e  make  no  claim  that 
the  subsystem  developm.ent  policies  discussed  in  this  report  are 
a panacea  for  the  problerris  that  beset  m.ilitary  procurement.  At 
best,  the  subsystem  development  policies  discussed  can  deal  only 
v/lth  a limited  portion  of  the  full  spectrum  of  procurement  prob- 
lems. Nevertheless,  we  believe  that  early  development,  inde- 
pendent development  and  standard! satlcn  of  subsystems  are  de- 
sirable in  some  instances.  V.’e  believe  further  that  we  have 
devised  a scheme  for  identifying  sucli  cases.  The  development  of 
some  subsystem.s  requires  a long  leadtim.e.  One  possible  way  to 
im.prove  poor  field  reliability  and  schedule  slippage,  caused 
by  concurrent  or  inadequate  developm.ent  of  such  subsystem.s,  is 
to  institute  a policy  of  "early  developm.ent."  This  policy  calls 
for  the  development  of  selected,  long  leadtim.e  subsystem.s  for 
a specific  system,  before  there  is  a system  program,  office  and 
a system,  manager  to  sponsor  subsystem  development.  Such  a policy 


might  remedy  soHie  of  the  problem  of  concurrent  or  Inadequate 
development.  But  it  carries  with  it  substantial  risks.  For 
example,  subsystems  may  be  developed  to  specifications  that 
don't  niatch  those  needed  for  the  systemi  into  which  the  subsys- 
tems must  eventually  fit.  Moreover,  in  somie  cases  the  using 
system  may  never  materialise.  However,  the  existence  of  the 
developed  subsystem  may  then  ease  the  development  path  of 
another  systeni  specifically  designed  to  use  it.  The  case  stud- 
ies have  several  examples  of  this  serendipitous  occurrence 
which  attests  to  the  general  flexibility  and  continuity  of  the 
R&D  pirocess. 

Another  policy  that  v/e  explore  is  the  development  of  sub- 
systems by  an  organization  outside  the  control  of  the  program 
manager  of  the  system  for  which  the  subsystem,  is  earmarked. 

This  is  "independent  development,"  in  contrast  to  "directed 
development,"  which  is  under  the  control  of  the  program,  manager. 
Independent  development  makes  it  possible  to  emphasize  the  design 
and  development  of  subsystems  suitable  for  use  in  several  sys- 
tems; thus,  subsystem,  proliferation  can  be  reduced.  In  seme  situ- 
ations, it  might  lead  to  standardization  cf  certain  subsystemis. 
This  would  increase  the  total  number  of  procurable,  identical 
subsystems  thereby  attracting  other  vendors  to  the  market.  Such 
a sltuatlori  could  lead  to  comipetition  and  reduced  costs  to  the 
Government.  Independent  development  and  standardization  both 
carry  with  them  the  risk  that  a developed  subsystem  may  not  be 
used . 

The  described  policies  are  studied  in  detail  in  the  m.ain 
part  of  this  report.  Developed  guidelines  for  their  applica- 
tion are  also  described.  None  of  the  policies  conflicts  with 
current  DoD  or  0MB  procurement  guidelines,  although  the  acqui- 
sition structure  of  the  militai-y  system,  tends  to  discourage 
such  policies,  even  when  they  appear  desirable. 

We  reiterate  here  that  this  study  focuses  on  engineering 
(full  scale)  development.  Additions  to  the  technology  base 
through  research  and  advanced  development  are  not  under  investi- 
gation here,  although  their  importance  is  recognized  in  arriving 
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at  the  "state  of  the  art"  that  peririits  the  development  of  suc- 
cessful operating:  hardware.  We  note  further  that  the  intro- 
duction of  a component  or  subsystem  into  engineering  develop- 
ment is  usually  a commitment  to  spend  at  a significantly 
greater  rate  on  that  item,  than  in  previous  developments  of  that 
item.  We  show  in  Chaptei*  I that  the  average  DoD  pro.lect  (line 
item)  in  engineering  development  (Category  6.^4)  is  funded  at  a 
factor  of  about  2.4  times  the  funding  of  the  averc.ge  project 
in  advanced  development  (Category  6.3).  These  averages  were 
taken  over  the  three  fiscal  years  1973-1975  across  the  three 
military  services  excluding  DARPA.  There  are  of  course  sub- 
stantial variations  from  this  average  factor  among  the  ser- 
vices and  especially  among  projects. 


D.  ANALYTIC  METHODS 

Our  main  analytic  tool  is  a set  of  case  studies.  Vllth  it 
we  have  assessed  the  contribution  that  the  policies  of  early 
development,  independent  development  (ID),  or  standardization 
of  subsystems  might  m.ake  towards  solving  the  problemis  we  have 
enumerated.  Table  1 shows  the  particular  subsystems,  and  the 
using  systems,  that  are  central  to  the  case  studies. 

Each  case  study  includes  a sum.m.ary  of  thie  subsystem/system: 
history.  It  assesses  problems  that  occurred  during  the  develop- 
ment program,  or  after  deployment  of  the  system;.  It  then  con- 
■*  slders  whether  ID,  early  development,  or  standardization  would 

have  been  possible,  and  whether  the  policies  would  have  been 
appropriate  and  beneficial  to  the  particular  subsystem./systemi 
development.  The  assessments  are  qualitative,  except  in  one 
case  where  costs  are  roughly  calculated.  A set  of  guidelines 
is  deduced  from,  the  case  study  findings  for  each  of  the  three 
types  of  decisions:  whether  to  undertake  early  development, 

independent  development,  or  standardization  of  subsystem.s. 

These  guidelines  are  then  applied  to  the  four  following  sub- 
systems  to  show  how  they  might  be  used  in  m.aking  decisions: 
turboshaft  engine,  airborne  computer,  inertial  navigator,  and 
correlation  guidance  system. 
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Subsystem 


TABLE  1 


CASE  STUDY 


Using  Systems 


SUBSYSTEMS 


1 


How  Acquired^ 

2 3 4 5*^ 


Reference^ 


I.  AIRCRAFT  ENGINES 


A.  Shaft  Engines 
1.  T-53 

UH-1,  AH-1 

✓ / 

A 

2.  T-64 

H-53,  AH-66A,  XC-142,  others 

/ 

B 

3.  T-700 

UTTAS,  AAH,  LAMPS 

V (Ch.) 

4.  Navy  Proposal 

UTTAS,  AAH,  LAMPS.  HXM 

V (Ch.) 

B.  Thrust  Engines 
1.  f-lOO 

F-15 

H 

2.  F-lOO 

F-16 

* 

H 

3.  F-401 

F-14 

*■ 

H 

II. 

ROCKET  MOTOR 

SRAM 

* 

E 

III. 

TANK  ENGINES 
AGT-1500 

XM-1  (Chrysler  version) 

C 

IV. 

AVCR-1360 

AUTOMOTIVE  TRANSMISSIONS 
X-200 

XM-1  (GM  version) 
M-113  I 

C 

X-300 

MICV  > Proposed 

► 

C 

X-llOO 

XM-1  J 

* » 

C 

V. 

HELICOPTER  DYNAMICS 
Bell 

UH-1 , AH-1 

A 

Lockheed 

AH-56A 

B 

VI. 

AIRCRAFT  WEAPONS 
Chin  gun  turret 

AH-1 

I (Adapted  from  IRAD)^ 

A 

GAU-7 

F-15 

D 

VII. 

RADARS 

APG-63 

F-15 

► (Contractor) 

J 

WX-200 

F-16 

V (Contractor) 

J 

SPG-4g 

Typhon 

* 

I 

ANSPY-1 

AEGIS 

► 

I 

VIII. 

AVIONICS 

SCAS 

UH-1 , AH-1 

A 

IHAS 

Various  helicopters 

B 

ARBS 

A-4M,  Harrier 

» 

G 

Proposed  standard  INS 

F-16,  C-135,  C-141 

V (Ch.) 

Standard  airborne  computer 

F-18,  LAMPS,  etc. 

V (Ch.) 

IX. 

IR  SENSOR 
Standard  FLIR 

OV-13,  UH-1 , F-4,  etc. 

> 

F 

X. 

GUIDANCE 

Aimpoint 

Mace,  Matador,  Pershing  II, 
etc.  (Proposed) 

V (Ch.)  & L 

KEY: 

Directed  development 

2.  Early  development 

3.  Independent  development 

4.  Independent  development  and  standardization 

5.  Inherited 

i 

i 


^’ihe  second  user  of  a subsystem  is  considered 
to  have  inherited  it. 

^Except  for  Chapter  V,  there  are  appendices  giving 
detailed  developmental  histories.  Note  that 
Chapter  V contains  guideline  tests  applied  to 
four  new  subsystems. 

‘^Independent  Research  and  Development  (IRAD). 
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E.  CASE  STUDY  FINDINGS 

1 . Setting  Performance  Requirements 

A major  cause  of  failure  to  complete  a development  is  that 
performance  requirements  m.ay  be  set  to  or  beyond  the  available 
technology . Examples  are  the  F-^01  engine  and  the  GAU-7  gun. 
Examples  of  near-failures  are  the  F-lOO  engine  and  the  SRAM 
rocket  motor.  However,  it  is  also  possible  to  mitigate  the  im- 
pact of  over-ambitious  requirements.  In  both  of  these  cases, 
the  requirements  were  reduced  and  the  system,  development  then 
completed.  Counterexamples  that  illustrate  the  opposite  side 
of  the  difficulties  caused  by  excessively  am.bitious  require- 
ments are  the  T-53  and  T-64  turboshaft  engines.  Both  of  these 
subsystems  w-ere  ■.■;lthin  the  demonstrated  state  of  the  art  and 
both  -were  very  successfully  used  in  a num.ber  of  operational 
system.s.  In  these  cases,  tlie  flexibility  and  potential  growth 
had  a high  payoff,  even  though  the  engines  riay  have  been  less 
efficient  than  they  might  have  been  in  Individual  applications. 

2 . Undertaki ng  Engineering  Development 

A second  cause  of  fuilure,  related  to  the  first  above,  may 
he  that  engineering  development  is  undertaken  before  suffici-ent 
knowledge  about  the  technology  s available  or  because  an  attempt 
is  made  to  make  several  significant  technological  advances  in  a 
single  development.  Examples  are  the  Typhon  radar  and  the 
GAU-7  gun.  The  rocket  motor  for  SRAM  was  a near-failure  tiiat 
was  saved  by  easing  off  requirements  along  with  intensive  and 
expensive  effort.  On  the  other  hand,  exariples  of  successful 
developmients  are  the  dynamic  system  of  the  UH-1  and  the  AH- 1 
helicopter,  the  UH-1  Stability  and  Control  Augm.entatlon  System 
(SCAS),  the  Angle  Rate  Bombing  System  (ARBS),  the  standardized 
Forward-Looking  InfraRed  (FLIR)  system,  nodules,  and  the  AFG-f3 
and  WX-200  radars,  all  of  which  v;ei*e  based  on  availn.ble  technology 
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3 . Limited  Help  of  Early  Development 


Early  dei’elopnent  oculd  help  to  deal  with  these  causes  of 
failure  only  in  a limited  way.  An  ir.vestrrient  in  eai'ly  develop- 
ment of  a subsystem  could  have  a high  return.  But  there  is  no 
certain  way  of  evaluating  this,  because  the  statictics  are  un- 
available. In  addition,  it  is  often  only  clear  in  retrospect 
chat  early  development  might  have  led  to  more  flexltilicy 
"downstream".  The  examples  suggest  that  the  cost  of  additional 
effort  may  be  paid  either  at  the  beginning  or  at  the  end  of  a 
pi'ogran.  The  guidelines  for  early  development  developed  in 
this  study,  if  carefully  used,  might  help  improve  the  chance  of 
a more  ordei-ly  system,  development  process  with  less  chance  of 
delay  and  cost  increases.  In  the  case  of  a long  leadtime  item., 
early  development  would  provide  m.ore  time  to  exploit  the  tech- 
nology, to  explore  diffei’ent  means  of  achieving  a goal,  and  to 
provide  an  early  warning  that  a goal  may  not  be  achievable. 

In  this  regard  we  note  that  the  long  developc.ent  tim.es  that  are 
associated  v/lth  so-called  long  leadtime  item.s  are  sometimes 
over-estimated  at  least  for  low  risk  developments.  For  exam.ple, 
in  the  case  of  engines,  the  time  of  developmient  after  a dem.on- 
stration  engine  has  performed  satisfactorily  is  between  two  and 
three  years.  This  is  exemplified  in  the  development  schedule 
of  the  T-64  engine  (Appendix  B,  Fig.  B-1).  After  the  first  en- 
gine run,  the  preliminary  flight  rating  test  (FFRT)  was  comi- 
pleted  in  less  than  15  months.  The  qualification  test  was  com- 
pleted in  about  33  months.  Apparently,  flight  test  engines 
reflecting  the  state  of  the  art  can  be  available  in  a little 
more  than  a year,  and  miost  of  the  remaining  time  is  spent  in 
qualifying  the  engine.  Scheduling  of  this  type  seems  typical 
for  most  of  the  long  leadtime  items  that  were  included  in  the 
case  studies,  if  they  represented  lov;  risk  developments.  Guns 
are  perhaps  the  only  exception.  They  take  a longer  tiir.e  to  de- 
velop, particularly  if  new  ammunition  is  to  be  developed  also. 
This  suggests  thiat  state-of-the-art  technology  can  be  made 
available  to  a systen.,  without  early  fullscale  developmient. 
However,  if  a large  jump  in  technology  is  attempted,  as  in  the 
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case  of  the  F-401  engine 
Early  development  Is  one 
ment  time.  On  the  other 


more  time  is  likely  to 
way  by  which  to  acquire 
hand,  early  development 


be  needed, 
more  develop- 
runs  several 


risks : 


a.  The  using  systems  may  not  materialize . An  example 

is  the  engine.  The  requlrenient  specified 

three  Intended  users.  Only  one  materialised, 
although  other  initially  unexpected  users  appeared. 
The  fam.ily  of  automotive  transm.isiicns  has  been 
available  for  a substantial  tlm.e,  but  is  still  not 
used  in  a field  system.  However,  tv/o  of  the 
familly  have  been  selected  for  use  in  the  MICV  and 
the  XM-1  tank  and  therefore  are  likely  to  be 
fielded  in  the  next  fev;  years.  There  are  no 
candidate  users  for  the  losing  engine  in  the  XF-1 
com.petltion , but  this  can  be  regarded  as  a cost 

in  taking  different  competitive  approaches  to 
solve  the  problem..  All  other  successful  subsys- 
tems among  the  case  studies  actually  were  used 
oi’  are  likely  to  be  used  in  operating  systemis. 
Hov/ever,  few  of  these  were  early  developmients . 

b.  The  potential  using  system,  development  m.ay  be  de- 
layed, so  that  the  tcohnology  in  the  early  developed 
systemi  may  be  obsolete  by  the  time  it  gets  used.  To 
preclude  this  occurrence,  an  early  development  should 
have  capability  for  growth  or  Im.provemient . Alter’na- 
tively,  it  should  be  possible  to  adjust  the  user 
system  design  to  accept  the  developed  subsystem.  In 
some  cases,  this  m.ay  miean  that  the  basic  subsystem, 
will  be  overdesigned,  so  that  such  imiprovements  can 
be  accepted  without  redesign.  Examples  are  the 

T-53  and  T-64  engines.  Both  engines  were  over- 
designed  for  their  first  use  and  were  subsequently 
uprated  as  power  requirements  Increased.  This 
versatility  was  useful,  but  it  was  obtained  at  the 
expense  of  the  potential  perform.ance  of  the  first 
users  of  the  engines.  This  contrasts  with  the 
T-700,  a new  current  state-of-the-art  engine  that 
cannot  be  uprated  without  extensive  further  devel- 
opment. The  T-700  is  light  and  efficient,  but  it 
may  not  be  powerful  enough  for  som.e  of  its  Intended 
users  (as  discussed  in  Chapter  V). 

c.  The  development  goal  parameters  change  before  the 
system,  is  jom.pleted.  The  degree  of  this  risk 
depends  on  how  readily  the  subsystem  design  can 

be  changed  to  match  nev/  requirements.  Every  early 
development  in  the  case  studies,  including  the  de 
facto  early  developments,  was  originally  tailored 
to  performiance  parameters  that  were  changed  when 
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the  using  systems'  actual  characteristics  became 
known.  Examples  are  the  T-E3,  the  T-6^,  the 
various  automotive  tr’ansmlsslons , tiie  radars,  and 
the  tank  engines.  The  original  tui'boshaft  require- 
ments called  for  too  little  power,  and  initial 
pc’wer  upratings  of  20-302  were  necessary.  The 
n.embei's  of  the  Arn.y  vehicle  transmission  fam.ily 
are  still  not  used  li’  any  operational  systen  . 

Their  power  ratings  h.avc-  teen  adjusted  several 
tim.es  if.  anticipation  of  the  requirements  of  pos- 
sible users.  In  ti.e  case  of  the  top-of-the-line 
(.most  powerful)  transmi  ssiori , the  requlrem.ent  has 
tended  to  increase  with  time  along  wi’h  the  require- 
ment for  tank  engine  power,  now  1500  HP,  double  ti.e 
power  of  the  current  Army  heavy  tank.  In  the  case 
of  the  F-15  and  F-lo  radars,  which  were  originally 
cor.pany-funded  developm.ents , the  potential  perform- 
ances actually  exceeded  the  requirem.ents . However, 
ill  all  early  developmiejit  ca!-es  noted  above,  it  was 
possible  to  change  the  charact'-ristlcs  of  the  sub- 
system, so  that  it  w'as  able  to  provide  the  desired 
perforr.ance . Conservative  nonoptimimed  desig.n  was 
essential  for  these  subsystem.s  to  have  the  ability 
to  change  v.dthout  substantial  redeve lopr.ent  . Cn 
the  other  hand,  if  a substantial  perforrance  advance 
is  wanted,  it  m.ay  be  necessary  to  cptimlr.e  the  de- 
sign for  one  set  of  characteristics,  after'  which 
tailoring  to  m.atch  another  set  m.ay  be  difficult. 

The  example  here  is  the  T-700  engine,  vrhlch  was 
optimized  for  its  present  pov/er,  and  cannot  be 
easily  uprated  for  use  in  other  system;s.  More- 
over, the  T-7C0  may  not  be  povrerful  enough  for  the 
systems  it  is  currently  programmed  for,  and  a weight 
llm.itatlcn  has  been  placed  on  these  systems.  Aircraft 
requirem.ents  (and  weight)  tend  to  grow  during  devel- 
opment, and  engine  power  lim.its  obviously  interfere 
with  this  pr’ocess.  Control  of  v/eight  growth  is 
clearly  desirable,  but  an  absolute  lim.it  creates 
pressure  for  a new  developm.ent . Such  pressure  is 
becom.ir.g  observable  in  the  case  of  '•he  Utility 
Tactical  Transport  Aircraft  System,  (UTTAS)  and  the 
Advanced  Attack  Helicopter  (AAH)  (see  Chapter  V). 

d.  The  subsyster]  may  be  recected  by  the  program  manager' 
or  prim,e  contractor  cn  the  grounds  that  it  is  obso- 
lete, or  too  costly,  or  that  he  can  provide  a better 
subsystem  through  new  developm.ent.  Although  this 
risk  was  cited  to  us  during  interviews  of  various 
Individuals  during  the  course  of  this  study,  the 
case  studies  do  not  shed  m.uch  light  on  its  validity. 

Only  in  one  of  the  cases  v;hich  were  used  to  test 
the  guidelines  (Navy  Standard  Com.puter)  did  we  find 
direct  evidence  of  a prime  contractor  indicating 
doubt  that  a proposed  standard  subsystem,  v;ould  be 
as  effective  as  one  that  they  could  develop  them- 
selves . 

xviii 


9 


. * Aw-,.* 


V ' 


Two  key  problems  In  the  decision  pep;ardlnE  early  development 


emerge  as:  (a)  assessing  correctly  what  Is  "within  the  state 
of  the  art,"  and  (b)  judging  correctly  that  there  will  be  other 
uses  for  the  subsystem  If  the  originally  anticipated  user  does 
not  materialize . 

4 . Testing  for  Reliability  and  Maintainability 

Testing  for  reliability  and  maintainability  prior  to  de- 
ployment tends  to  be  inadequate . The  major  examfle  among  the 
limited  case  studies  considered  here  is  the  A-7f  airplane. 

Early  development  might  contribute  to  solving  this  problem,  in 
the  sense  that  it  would  allow  more  time  for  subsystems  to  ma- 
ture. Its  use  is  unlikely  foi-  the  reasons  noted  under  3 above. 
Independent  development  and  standardization  v.'ould  help.  They 
could  provide  more  equipment  that  is  tetter  qualified  than  was 
originally  the  case  and,  therefore,  more  likely  to  have  better 
reliability,  although  even  with  such  equipment  a period  of  op- 
erational testing  is  necessary. 

5 . Standardization  Opportunities 

Opportunities  for  standardisation  or  for  the  use  of  stand- 
ardized equipment  are  neglected.  An  example  is  the  A-7f-  It 
used  a number  of  suLsysteriS  that  could  have  been  drawn  from  a 
group  of  available  systems,  considered  as  standard  system.s,  e.g., 
heads-up  display  and  inertial  navigator.  The  equipment  that 
was  used  had  sc  low'  a Mean  Tlm.e  Between  Failures  (KTB?’)  that  it 
forced  a premature  term.inaticn  cf  the  flight  test  program,  which 
w'as  to  demonstrate  reliability  prioi’  to  ICC. 

6 . Judgment  Errors 

Errors  in  j udgm,ent  are  a factor  in  m.any  of  the  decisions 
represented  by  the  case  studies.  .Such  errors  occurred  at  all 
stages  of  developm.ent . They  include  the  setting  of  extrem.e 
performance  requirem.ents , underestimating  development  time  and 
costs,  and  not  cutting  off  programs  when  difficulties  indicated 
that  continuing  them  would  not  lead  to  a successful  conclusion. 
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Judgments  are  an  Important  ingredient  in  developing  military 
products  that  use  advanced  technology.  The  existence  of  risk 
and  the  possibility  of  failure  are  well  recognized.  The  devel- 
opment system  favors  pushing  ahead,  even  when  it  is  contra- 
indicated. This  results  in  a reluctance  to  cancel  or  reorient 
a pi'ogram,  until  it  has  gone  too  far.  Examples  are  the  GAU-7 
gun,  the  F-AOl  engine,  and  the  Cheyenne  helicopter. 

Early  development,  or  Independent  development  and  stand- 
ardization, can  contribute  only  marginally  to  this  judgment 
problem.  Potentially,  early  development  of  long  leadtime  sub- 
systems can  provide  a better  probability  of  success,  or  at  least 
an  early  warning  that  a particular  approach  might  have  to  be 
changed.  But  good  judgment  Is  needed  to  act  adequately  on  such 
warnings.  Similarly,  the  use  of  standard  items  helps  to  offset 
t.he  uncertainty  and  risk  of  developing  new  subsystems,  although 
it  may  upset  the  match  between  the  original  requirement  and  the 
final  system  to  some  degree. 

F.  GUIDELINES  FOR  SUBSYSTEM  DEVELOPMENT  DECISIONS 
1 ly.  meji  t 

Early  development  can  take  place  in  either  deliberate  or 
nondellberate  ways.  Deliberate  ways  would  include  the  decisions 
we  are  discussing  here;  nondellberate  ways  would  Include  the  use 
of  developed  subsystems  in  the  conception  and  development  of  new 
systems  for  which  the  subsystems  were  not  originally  contemplated. 
By  our  definition,  it  must  be  done  in  advance  of  system  defi- 
nition. Consequently,  it  carries  with  it  the  risk  of  specifying 
subsystem  performances  that  may  not  match  the  system,  require- 
ments that  eventually  evolve.  Note  that  system  requirements 
are  not  immutable.  They  are  derived  through  a process  of  anal- 
ysis, negotiation,  and  compromise,  which  reflects  considerations 
of  military  threats,  environments,  technical  possibilities,  and 
budget  issues.  The  process  does  not  stop  with  an  Initial  sys- 
tem specification.  Since  the  use  of  advanced  technology  in- 
volves risk,  the  initial  requirements'  specification  may  turn 
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out  to  be  too  ambitious  technically  or  too  costly,  and  the  ad- 
justment of  one  or  more  performance  parameters  may  be  necessary 
to  achieve  an  operating  system.  Such  adjustments  were  made  in 
a number  of  the  cases  we  examined.  This  risk  is  not  restricted 
to  early  development.  Even  when  a great  deal  of  information 
about  a system.  Is  available,  the  initial  subsystem  goal  param- 
eters may  not  match  the  system  requirements  as  ultimately 
stated.  Another  risk  is  that  the  system  itself  may  never  be 
approved  or  that,  even  if  it  is,  the  program  manager  m.ay  elect 
to  develop  another  subsystemi,  rather  than  use  the  developed 
subsystem.  Still  another  risk  is  that  technology  developments 
may  make  an  early  developed  subsystem,  obsolete  befoi-e  it  can  be 
used.  On  the  other  hand,  an  early  development  may  make  avail- 
able a long  leadtime  subsystem  that  otherwise  might  seriously 
dely  an  IOC  or,  as  in  the  case  of  the  T-64,  it  may  make  avail- 
able a subsystem  which  another  system,  not  originally  contem- 
plated, can  Incorporate.  Through  more  available  time,  it  milght 
also  produce  a more  mature  subsystem,  and,  thereby,  reduce  the 
need  for  Product  Improvement  Programs  (PIPs).  Also,  it  may 
forestall  a premature  system,  development  decision  by  indicating 
a risk  that  may  be  unacceptable.  These  considerations  lead  to 
the  following  guidelines  for  deciding  whether  a subsystem 
should  undergo  early  development.  The  decision  maker  should 
determine  that  : 

a.  The  subsystem  is  of  the  type  that  requires  a long 
development  leadtime  relative  to  the  developrient 
time  of  other  subsystem.s. 

b.  At  least  one,  and  preferably  several,  potential  user 
systems  are  identifiable.  Note  that  the  detailed 
characteristics  of  the  user  system  may  not  be  known 
at  the  time  that  the  decision  to  develop  the  sub- 
system is  taken. 

c.  No  subsystem  alternatives  are  available  that  would 
permit  the  system,  to  be  cost-effective  in  a mini- 
m.ally  acceptable  set  of  missions  of  the  type  for 
which  the  system,  is  envisioned. 

d.  Integration  will  not  be  a major  problem..  In  other- 
words  ; 
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The  subsystem  performance  characteristics  are 
alterable  over  a reasonable  range,  without  re- 
quiring major  development  effort;  the  scaling 
laws  governing  changes  in  the  performance  of  ttie 
subsystem  are  well  understood  or  can  be  clarified 
during  subsystem  development.  Alternatively, 
system  requii’ements  are  of  sufficient  flexibility 
to  accept  the  developed  item. 


2.  The  subsystem  can  be  repackaged  without  major 
development  effort,  allowing  it  to  fit  into  the 
system  wltliout  integration  problems.  Or,  if  such 
repackaging  appears  impossible,  the  system  can  be 
designed  vi/lthout  difficulty  to  accept  the  sub- 
system. 

3.  The  environment  of  the  using  system,  will  not  ad- 
versely affect  the  performance  of  the  subsystem. 
If  the  normal  system  environment  is  a problem,  a 
controlled  environment  for  the  subsystem  will  be 
aval lable . 

4.  Conversely,  the  environment  generated  by  the  sub- 
system will  have  no  adverse  impact  on  the  system 
or  other  subsystems.  Alternatively,  the  environ- 
mental Impact  of  the  subsystem  is  controllable 

by  appropriate  packaging. 

e.  System  obsolescence  stemming  from  technology  changes 

in  subsystem  area  will  not  be  serious,  because: 

1.  No  developments  are  in  view  that  will  obsolete 
the  subsystem,  before  the  system  development  is 
started,  or 

2.  "Form,  fit,  and  function"  principles  are  appli- 
cable, or 

3.  Expected  benefits  in  the  utility  period  of  the 
subsystem  exceed  the  expected  costs. 

2 . Independent  Devel o pmen t 


Independent  development  (ID)  is  generally  undertaken  with 
the  Interition  of  developing  a standard  subsystem.  The  guide- 
lines for  such  a case  are  stated  under  "Standardization"  below. 
Sometimes,  ID  is  undertaken  without  an  intention  to  standardize 
and  the  applicable  guidelines  are  as  follows: 


a.  More  than  one  potential  using  system,  including 
retrofits,  is  identifiable. 

b.  Integration  will  not  be  a major  problem.  In  other 
words  : 
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L.  The  subsystem  performance  characteristics  are 
alterable  over  a reasonable  range,  without  re- 
quiring major  development  effort;  the  scaling 
laws  governing  changes  in  the  pjerformance  of  the 
subsystem  are  well  understood  or  can  be  clarified 
during  subsystem  development.  Alternatively, 
system  requirements  are  of  sufficient  flexibility 
to  accept  the  developed  item. 

2.  The  subsystem  can  be  repackaged  without  major 
development  effort,  allowing  it  to  fit  into  the 
system  without  integration  problems.  Or,  if  such 
repackaging  appears  impossible,  the  system  can  be 
designed  without  difficulty  to  accept  the  sub- 
system . 

3.  The  environment  of  the  using  system  will  not  ad- 
versely affect  the  performance  of  the  subsystem. 

If  the  normal  system  environment  is  a problem,  a 
controlled  environment  for  the  subsystem  will  be 
available . 

A.  Conversely,  the  environment  generated  by  the  sub- 
system will  have  no  adverse  impact  on  the  system 
or  other  subsystems.  Alternatively,  the  environ- 
mental impact  of  the  subsystem  is  controllable  by 
appropriate  packaging. 

c.  The  subsystem  design  parameters  are  adequately  speci- 
fied. In  other  words: 

1.  System  design  is  complete  enough  to  specify  the 
subsystem,  or 

2.  System  will  be  designed  around  the  characteris- 
tics of  the  subsystem,  or 

3.  Subsystem  is  part  of  a family,  whose  character- 
istics span  the  expected  system  requirement s . 

d.  No  subsystem  altei-natives  are  available  tiiat  would 
permit  the  system  to  be  cost-effective  in  a minimally 
acceptable  set  of  missions  of  the  type  for  which  the 
system  is  envisioned. 

3 . Standardization 

Among  the  cases  examined  in  this  study,  several  independently 
developed  subsystems  were  standardized.  Nevertheless,  the  basis 
on  which  the  military  services  decide  whether  a subsystem  should 
be  independently  developed  and  standardized  is  unclear  and  in- 
consistent. To  be  a candidate  for  independent  development  and 
standardization,  a subsystem  must  satisfy  the  following  con- 
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a.  More  than  one  potential  using  system,  including 
retrofits,  is  identifiable. 

b.  Subsystem  technology  is  mature  and  v;ell  in  hand. 

c.  The  potential  market  is  large  enough.  In  ether 
v/ords : 

] . The  market  may  ’ on,Ly  large  enough  to  support 

a single  supplier  fo*r  several  years.  Independent 
development  and  standardization  are  then  appropr:- 
atc,  only  if  future  prices  can  be  adequately  pre- 
tecteu  by  devices  such  as  a lon.g-term.  prlcing 
agreement . 

2.  The  potential  market  m.ay  he  large  enough  tc  sup- 
port tv.’o  or  more  suppliers.  Independent  develop- 
ment and  standardization  may  then  be  appropriate, 
provided  that  suitable  steps  (e.g.,  form,  fit, 
and  function  standai'dlzatlon ) are  planned  to 
ensure  continuing  competition. 

J.  The  pi'ojocued  ovei’all  benefits  cf  standard!  zati  or 
exceed  its  disadvantages: 

1.  V.T.enever  feasible,  the  cost-benefit  analysis 
should  include  a comparative  (tut  not  necessarily 
an  absolute)  life  cycle  cost  (LCC)  analysis  of 
standardized  and  nonstandardized  equipment,  in- 
cluding, RAM  (Reliability,  Availability  and 
Maintainability)  and  logistics.  The  maintenance 
concept  miust  be  sufficiently  well  defined  to 
permit  the  deter-milnation  of  costs  and  required 
conf ig.uration  control.  In  ether  words,  if  con- 
tractor' repair  is  contemplated,  form,  fit,  and 
function  standardization  is  adequate.  But  if 
service  repair  is  envisaged,  detailed  configu- 
ration control  Irrside  the  repairable  module  is 
needed . 

2.  If  the  LCC  cannot  be  reliably  estimated,  the  cost- 
benefit  study  should  attem.pt  to  look  at  least 
several  years  into  the  future.  It  should  use  the 
cost  of  reliability  improvement  warranties  or  any 
other  applicable  technique  as  a proxy  for  LCC. 

The  maintenance  concept  must  be  adequately  defined 
for’  a meaningful  result . 

3.  If  a cost  advantage  cannot  be  found,  the  advantage 
that  might  be  obtained  from  the  potential  of  a 
more  attractive  set  of  procurement  policies  should 
be  considered.  An  example  is  continuation  of 
competition  after'  deployment  through  split  buys. 

To  be  valid,  the  analysis  must  account  for  the 
maintenance  concept  and  the  required  configura- 
tion control. 

e.  Integration  will  not  be  a major  problem.  In  other 
v/ords  : 
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1.  The  subsystem  can  be  repackaged  v.’ithout  major 
development  effort,  allov;ing  it  to  fit  into 
the  system  without  Integration  problems.  Or, 
if  such  repackaging  appears  impossible,  the 
system  can  be  designed  without  difficulty  to 
accept  the  subsystem. 

2.  The  environment  of  the  using  system  will  not 
adversely  affect  the  pei'formance  of  the  sub- 
system. If  the  normal  system;  environment  is  a 
problem,  a controlled  environmient  for  the  sub- 
system will  be  available. 

3.  Conversely,  the  environment  generated  by  the  sub- 
system will  have  no  adverse  impact  on  the  system, 
or  other  subsystems.  Alternatively,  the  environ- 
m.ental  impact  of  the  subsystem  can  be  controlled 
by  appropi-iate  packaging. 

4.  Discussion 


We  recognise  that  the  guidelines  arc  not  easy  to  apply, 
although  we  have  applied  them  to  several  cases  (as  discussed  in 
Chapter  V)  and  they  appear  to  be  useful.  It  is  clear  that  they 
require  knowledgeable,  unbiased  judgm.ents,  if  they  are  to  be 
successfully  used.* 

Moreover,  the  military  procurem.ent  systen;  has  a built-in 
bias  against  Independent  or  eai'ly  develcpm.ent . Independent 
development  is  discouraged  by  a lack  of  funding.  V/e  have  beei. 
told  in  interviews  that  it  is  also  discouraged  by  the  difficulty 
of  getting  program  m.anagers  to  accept  developed  items  for  their 
systemis.  Such  a difficulty  is  com.pounded  by  the  econom.ic 
incentive  given  to  prime  contractors  to  develop  new  items. 

Instead  of  using  existing  ones.  The  case  studies  provide  little 
data  to  support  these  statem.ents,  but  they  appear  to  be  comm.on 
impressions  supported  by  logical  inference.  If  it  is  real, 
this  bias  has  a deleterious  effect  on  the  costs,  operability, 
and  timeliness  of  miajor  U.S.  m.illtary  systems. 

Chapter  V describes  situations  as  they  were  perceived  by  IDA  at 
the  time  of  writing  this  report.  During  the  course  of^this  re- 
search project,  somie  of  these  programs  changed  in  significant  ways. 
Hence  the  facts  as  well  as  the  conclusions  relating  to  specific 
subsystems  may  no  longer  be  relevant.  Nevertheless,  we  stress  the 
purpose  of  Chapter  V,  which  is  to  illustrate  the  method  of  using 
the  guidelines  and  not  to  present  an  assessment  of  these  programs. 
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Standar-dl zatlcn  o:’  subsystems  and  corr.ponerits  tends  to 
happen  only  v.'hen  the  procuring  sei'vlce  takes  special  action 
to  make  it  happen.  Ever,  more,  it  may  require  a str-or.g  centia] 
organisation  v;ith  technical  and  procurement  competence  to 
guide  the  standardisation  effort.  The  development  ai’.d  use  of 
a standardised  subsystem  depend  on  certain  factors.  To  a large 
degree  they  depend  on  the  organization  of  the  procuring  service 
and  tiie  attitudes  of  the  progr-arr;  managei'  arid  the  con- 

tractor, rather  than  on  the  intrinsic  rrerits  of  using  a star.''- 
ard  item.  The  Army,  through  its  com.ir.odity  comir.ar.u  system, 
seems  to  have  the  best  organization  for  promoling  standara- 
Izatlor..  Yet,  even  the  Arm.y  has  no  methodical  v;ay  of  select- 
ing subsystem:s  and  comporrents , or  even  selectir'.g  com.mod  i ty 
areas,  in  v/hiebi  standardization  effci'ts  should  be  concentratec . 

The  difficulties  are  miultlplied  manyfold  in  the  a_uesticn  of 
commonality  between  tne  militai-y  services.  Cui-  investigation 
uncovered  only  tvro  areas  in  which  an  organized  effort  to  achieve 
interservice  coordination  is  authorized — n.vinitions  arid  FLIRs  . 

The  AM.^AD  (Air  Munitions  Requirements  and  Development)  com.mi  ttee , 
attached  to  ODDP.&E,  is  responsible  fcjr  interservice  miuniticns 
standardization.  So  far  its  efforts  seem;  to  iiave  had  mixed 
success,  despite  the  fact  that  it  has  access  to  tlie  highest  level 
at  the  Pentagon  for  laaklng  its  reccmmendatloris  (Ref.  10).  The 
FLIR  standardization  program  has  reached  an  advanced  status  be- 
cause of  the  technical  capability,  professional  standing,  pro- 
curement skill,  and  persistence  of  the  Army's  h’ight  Visloi'i 
Laboratory  (see  Appendix  F)  ana  because  of  the  strong  bacl;ing 
by  CDDR&E. 

G.  SUGGESTIONS 
1 . Primary 

As  a consequence  of  this  study,  we  believe  that  substantial 


benefits  can  be  derived  from  the  selective  use  of  early  develcp- 
i ment  , independent  development  and  standardi.zation  of  subsystems. 
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Nevertheless,  such  a use  is  not  a panacea  for  the  problems  that 
affect  military  procurement  of  high  technology  systems.  Con- 
sidering the  lim.itations  and,  som.etimes,  the  contradictory  nat  ui'e 
of  the  available  data,  v/e  suggest  that  ODDR&E  reviev.'  the  guide- 
lines offei'ed  in  this  study  with  a view  toward  verifying,  modi- 
fying, and  then  implementing  them..  Potential  implem.entation 
actions  that  mlriit  be  undertaken,  with  a final  set  of  guidelines, 
are ; 

a.  Use  of  Guidelines  by  DDR&E.  Through  its  pov.’ors  to 
approve  or  disapprove  subsystem  development.  ODDRStE 
can  encourage  ED,  ID,  and  standardisation  of  subsys- 
tems when  appropriate.  The  guidelines  can  be  used 
as  a basis  for  deciding  and  encouraging  the  early 
developm.ent  and  standardization  of  subsyster.s. 

b . D i s semination  of  Guidelines  to  Service  Development 
CommandT!  l^he'  initiative  for  subsyster.  development 
often  comes  from  the  development  comm.ands  of  the 
military  services.  Therefore,  the  guidelines  should 
be  disseminated  to  such  comimands  for  ccnjr.ent  and  pos- 
sible use. 

c.  Use  of  Guidelines  in  the  DSARC  Process.  This  process 
initiates  the  development  of  a major  system:.  But  it 
is  usually  too  late  for  it  to  becomie  involvea  in 
early-developmient  decisions.  However,  both  DSARC 
Review  I and  DSARC  Review'  II  are  charged  vjith  con- 
sidering the  use  of  available  subsystems  versus  the 
development  of  new  subsystems.  To  the  extent  that 
these  reviews  tend  to  favor  developed  systemjs,  the 
military  services  should  be  encouraged  to  undertake 
the  early  development  of  subsystom.s,  when  they  meet 
the  right  conditions.  Accordingly,  the  DSARC  reviews 
might  indicate  the  desirability  of  having  developed 
subsystems  available,  when  conditions  are  favorable. 

d.  Encouragement  of  Standardization  Efforts.  Subsystem 
standardization  does  not  tend  to  occur,  unless  a 
competent,  perservering  organization  is  leading  the 
effort.  Accordingly,  subsystem:  standardlzaticn  under 
appropriate  guidelines  , might  be  encouraged  by  des- 
ignating lead  organizations  (e.g.,  service  laboratorie.« 
or  procurement  agencies)  in  each  area  of  interest  and 
providing  specific  program  funding  for  justified 
standardization  efforts. 


Seconda  r\ 


The  following  suggestions  concern  aspects  that  indirectly 
affect  subsystem:  development: 
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a.  Restrict  advances  in  the  state  of  the  art,  during  an 
engineering  development,  to  only  one  undemonstrated 
characteristic.  If  several  advanced  characteristics 
have  been  demonstrated  individually,  but  not  in  the 
same  piece  of  hardware,  proof  of  the  concept  should 
be  demanded  before  engineering,  development  is  under- 
taken . 

b.  Use  more  realistic  demonstrations  of  proof  of  con- 
cept before  accepting  a new  subsystem  in  an  engi- 
neering development . 

c.  Increase  emphasis  on  questions  of  reliability  and 
availability  at  DSARC  III.  In  particular,  atten- 
tion should  be  given  to  future  plans  for  reliabil- 
ity improvement  after  system  operation  begins  and 
independent  judgement  of  the  realism  of  the  plans 
and  the  prospects  for  their  success. 

d.  Explore  the  opportunity  to  use  a lead-the-force 
plan  to  provide  RAM  data,  before  deployment  of 
the  next  major  system.  If  the  plan  is  used, 
carry  it  through  to  completion. 

e.  Examine  the  tradeoffs  between  highly  optimized 
subsystems  vs.  subsystems  capable  of  being  tai- 
lored for  various  uses,  paying  particular  atten- 
tion to  new  turbine  engines. 


I.  INTRODUCTION 
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A.  OVERVIEW 

Current  procurement  practices  in  the  U.S.  military  services 
discourage  the  engineering  development  of  subsystems,  except 
as  part  of  a total  system  under  the  control  of  a system:  m.anager. 
Little  subsystem  developmient  takes  place  unless  there  is  a "horrie" 
for  it.  There  are  exceptions,  and  some  occur  am.cng  subsystems 
that  perform  certain  functions  which  are  clearly  ccmm.on,  i.e., 
ccmimunlcation,  navigation,  sensing,  and  computing.  But  even 
among  such  apparently  common  furictions,  there  is  an  excessive 
proliferation  of  equipment  that  is  developed  by  or  for  prim.e 
contractors  to  perform  these  functions  in  specific  systc-mis. 
Sometimes,  a subsystem  that  has  been  developed  for  one  system 
is  adopted  for  another,  but  there  is  no  consistent  miechanlsm 
by  which  this  occurs. 

The  latest  DoD  directives  on  acquisition  provide  brief 
mention  of  subsystem  developmients . We  quote  these  here  arid 
then  discuss  their  implications  for  the  various  alternatives 
we  consider  in  this  study. 

Directive  No.  5000. 2G,  dated  21  January  1975  (Ref.  1), 
describes  the  m.akeup,  duties,  ai;d  guidelines  for  the  Defense 
Systems  Acquisition  Review  Council  (DGARC).  Only  two  points 
in  this  document  raentiori  subsystems  explicitly.  These  are: 

DSARC  I (10).  The  use  of  currently  available  sub- 
systens  versus  developsient  of  new  subsystems , has 
been  or  will  be  considered, 

D.^ARC  II  (8).  The  approach  for  selection  of  mapor 
subsystems  has  been  clearly  identified  and  the  pro- 
gram. has  considered  the  use  of  currently  available 
subsystems  versus  new  developm.ent  (including  test 
and  support  equipment). 
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Of  course,  there  ai‘e  a number  of  other  guidelines  in  this 
directive  which  imply  that  consideration  should  be  given  to  sub- 
systems, but  the  above  tv/o  are  the  only  places  where  subsystem's 
are  mentioned  explicitly. 

Subsystems  are  also  mientioned  twice  in  the  DoD  Instruction 
on  Selected  Acquisition  Reports  (SAR)  No.  7000.3,  dated  October 
1975  (Ref.  2): 

B. l.  Profiram  Htghlinhts.  Briefly  su^r^rrarize  the 
significant  dcoelovrents  iy\  the  pvogi-xm  including 
the  current  status  cf  related  sy stents  and  key  sub- 
systems, except  for  these  covered  by  separate  5/Rs... 

C.  technical  Section 

Operational /Technical  Characteristics . These 
characteri sties  are  to  be  grouped  as  "operational" 
or  "technical."  The  list  should.,  include  the  charac- 
teristics for  vhich  DCP  thresholds  exist,  pri  v.cipal 
performance  requirements  cf  the  contract,  meaningful 
character  ' sties  pertaining  to  key  subsystems , and 
any  other  characteristics  considered  significant. 

A reasonable  intei  pretatlon  of  these  stater.ents  is  that 
they  recognize  the  existence  of,  and  need  for,  svibsy stems  and 
provide  instructions  that  they  be  considered,  but  they  do  not 
constitute  a policy  for  early  or  independent  develcpm.ent  of 
subsysterris . 

Of  the  various  recent  procurenient  documents  that  we  have 
seen,  only  one  provides  explicit  policy  guidelines  for  the  kinds 
of  subsystem  developments  we  discuss  in  this  study.  This  is 
the  recent  publication  of  the  Office  of  Managemient  and  Budget 
(CMB)  on  the  subject:  Major  .System.  Acquisitions,  (Ref.  3). 

Paragraph  11-j  cf  this  document  states: 


Levelcpment  of  subsystems  that  are  intended  for 
use  in  a ma/cr  system,  should  he  restricted  to 
less  than  fully  designed  hardware  until  the  sub- 
system is  identified  as  part  of  a system,  candi- 
date that  has  been  selected  for  full-scale  develop- 
ment. Exceptions  may  he  authorized  by  the  agency 
head  if  the  subsystems  are  long  le zd  time  items 
that  fulfill  a recognized  generic  need  or  if  they 
have  a high  potential  for  common  use  among  several 

m existing  or  future  systems . 
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In  the  cases  v/e  examine  here  the  first  sentence  of  this 
guideline  has  been  observed  with  high  consistency,  while  the 
second  sentence  has  been  honored  more  Jn  the  breach  than  an 
the  observance.  As  we  discuss  later,  the  acquisition  system 
has  a built-in  bias  against  full-scale  engineering  development 
of  subsystems  that  might  qualify  as  exceptions,  under  this 
guideline  although  it  is  clear  uhat  such  bias  is  net  derived 
from  explicit  procurement  policy.  ;:evertheless , the  excettiens 
are  the  basic  subject  of  this  study  which  sets  forth  guidelines  | 

for  identifying  such  exceptions.  j 

j 

Considerations  in  this  study  are  limited  to  major-  sutsys-  i 

tem.s  and  components  such  as  propulsion,  transmission,  com.muni- 
catiens,  navigation,  airborne  radars,  etc.,  and  to  development 
beyond  dem;onstrat  ion  or  feasll  ility  (engineering  developmen'' ' . 

The  primary  vehicle  for  analysis  is  a series  of  case  studies 
of  the  development  history  of  Different  types  of  system.s.  The 
selection  of  system  types  for  case  study  was  more  or  less  arbi- 
trary, constrained  only  to  Include  system.s  that  represent  all 
three  military  services  and  a range  of  different  m.issions.  The 
findings  are  based  primarily  on  this  limited  set  of  cases.  But 
we  believe  that  the  case  studies  have  helped  to  focus  our  efforts 
on  the  essential  issues  relevant  to  the  questions  wo  have  tried 
to  answer. 

Hov;ever,  v;e  caution  the  reader-  that  the  methodology  falls 
short  of  substantiating  the  findings  with  proof.  We  do  relate 
findings  to  specific  cases.  Put  because  the  number  of  cases 
is  limited,  we  have  used  our  judgment  in  determining  the  ir.i- 
portance  and  generality  of  the  findings. 

B.  STATEMENT  OF  PROBLEM 

The  military  services  have  no  coherent  nechar.ism.s  for  e-arly 
development  of  long  leadtlm.e  subsystems.  In  fact,  som.e  major 
Eubsystemis  becam.e  available  early  through  processes  that  might 
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V. 


be  characterized  as  being  accidental.  In  addition,  no  systemati 
method  is  used  to  select  subsystems  for  standar’dicat  lor. . 

The  following  practices  prevail  in  the  development  and 
acquisition  process:  Program  managers  and  prime  contractors 

undertake  to  develop  v.'hat  is  needed  for  the  system,  for  v.'hich 
they  have  responsibility;  there  is  no  consistent  way  of  achiev- 
ing coordination  among  program,  managers  and  contractors  to  deter 
mine  whei’e  commonality  would  be  possible  and  beneficial.  Ccca- 
sionally,  development  of  a long  lefidtime  item,  such  as  an  air- 
craft engine,  is  funded  on  a speculative  tasls.  But,  most  often 
such  a developm.cnt  is  intended  foi“  a specific  use.  .Am.jng  the 
systems  examined  in  this  study,  com.mon  usage  of  subsystem.s  is 
exceptional;  l.nst  itutional  arrangements  tend  to  maintain  this 
sltuat ion . 

The.se  practices  cor.ti'ibute  to  several  problems: 

1.  Poor  field  reliability  of  systems,  which  may  be 
caused  by  excessive  ccncui’rency  (which  reduces 
test  time)  between  the  development  of  the  sys- 
tem. and  development  of  its  major  subsystems. 

Schedule  slippage  of  major  programs,  caused  by 
inadequate  or  late  develcpr;ent  of  a pacitig, 
critical  subsystem. 

3.  Ui. satisfactory  performance  of  a mraj  or  systeni,  be- 
cause of  the  inadequacy  of  an  important  subsystem. 

(In  an  extreme  situation,  the  entire  develcpm.ent 
iTiay  be  aborted.) 

A.  Lack  of  competition  in  tiie  military  equipment 
m.arket  aftei’  ti.e  award  of  the  developmient  con- 
tract or  initial  buy.  This  places  the  Oovern- 
r.ent  at  the  mercy  of  the  sole  supplier  and 
often  results  in  excessive  acquisition  costs. 

5.  Proliferation  of  subsystems  intended  to  perform 
sim.ilar  functions,  -with  attendant  high  production 
costs  traceable  to  small  volume  and  high  logistics 
costs  traceable  to  noninterchar.geabillty . 

In  this  study,  v.'e  examine  the  feasibility  a:'.a  utility  of 
a::,elioratlng  these  problems  thi'Ough  early  developi:;ent  of  sub.'^-ys- 
tcms  ar.d , where  appropriate,  through  independent  development 
and  standardization  of  subsyster:;s . 
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We  emphasize  that  a decision  to  move  a development  pi’cject 
from,  advanced  developrrient  (6.3)  status  to  engineering  develop- 
ment (6.^)  is  a major  one.  It  normally  implies  a ccnir.itment  to 
Increase  the  rate  of  funding  as  well  as  a ccnariitment  to  produce 
operating,  hardware.  The  potential  magnitude  of  the  increase  in 
funding  is  estimated  in  Tatle  2 which  presents  the  service  ex- 
penditures in  PDT&E  Categories  6.3  and  6.^  for  the  fiscal  years 
1973-75 • The  average  DcD  project  in  engineering  development 
is  funded  at  a level  which  is  about  2.^  times  the  fu;-.uirig  of 
the  average  proj-ct  in  advanced  devel^-pment  . I'he  table  shov.'.s 
substantial  varlaticns  from,  this  average  factor  among  the 
services.  Ther-o  are  also  substantial  variations  among  prcjects 


TABLE  2.  MILITARY  RDT&E  APPROPRIATIONS,  FY  1973-75 


Category 

6.3 


Category 

6.4 


1 

Total 

I terns 

$M 

Total 

1 

I terns 

$M 

I tern 

SM 

ARMY 

1973 

1974 

1975 

408.3 

473.6 

515.9 

48 

45 

46 

8.51 

10.52 

11.21 

1 ^ 

33 

41 

15.11 

12.96 

498.5 

531.2 

518.2 

41 

12.64 

Total  Army 

1397.8 

139 

10.06 

1547.9 

115 

13.46 

NAVY 

1 

1 

1973 

492.4 

86 

5.72 

798.3 

50 

15.97 

1974 

541.0 

82 

6.60 

1029.1 

47 

21.90 

1975 

599.5 

82 

7.31 

1199.3 

50 

23.99 

Total  Navy 

1632.9 

250 

6.53 

3026.7 

147 

20.59 

AIR  FORCE 

1973 

383.1 

43 

8.91 

964.6 

41 

23.53 

1974 

390.0 

39 

10.00 

921  .4 

34 

27.10 

1975 

506.1 

40 

12.65 

988.1 

39 

25.33 

Total  Ai r 

1279.2 

122 

10.49 

2874.1 

114 

25.21 

Force 

Total  All 

4309.9 

51 1 

8.43 

7448.7 

376 

19.81 

S/ I tern 


SOURCE:  Defense/Space  Daily,  October  17,  18,  23  and  24,  1974 


A simplified  reprosentaticn  of  the  development  process  is 
showr:  in  Fig.  1.  The  flow  from,  the  technclcgical  base  tc  a 
hai'dwai’e  product  icr.  program  is  taker.  thro...rh  sever'al  decisjon 
points  that  are  related  to  subsystemi  develcpm.en'*"  . These  deciszcn 
points  provide  the  focus  for  this  study. 

C.  DEFINITIONS 

Independent  Developmient  (ID).  Developm.ent  of  items  out- 
side the  conti’ol  and  funding  of  a major  system  rrograr.  .manager 
any  time  aftt r the  program  office  has  been  created  (post-DSARC  I}. 
Standardisation  s.ay  follow'  ID. 

Early  Developrient  (ED).  Initiation  of  full-scale  develop- 
ment of  Itenis  prior  to  the  creation  and  furuling  cf  a major 
program  office  and  before  identification  of  a specific  using 
system.  Such  development  would  occur  bef  're  DSARC  I in  systen's 
ti.at  meet  the  cost  threshold.  RD  Is  spec:  I at  I ve , since  the  sub- 
system. .may  not  be  used  even  though  it  achieves  its  develcpr.e’g: 
goals.  It  woul  I be  the  exception  cited  in  Paragraph  11-J  cf  the 
Ol-'B  circular'  cuoted  earlier. 


Directed DeveIopm:ent . Develcpsient  of  ite.c.s  for  a ;’.ajcr 

system,  ur'idei’  the  cor.trol  and  direction  cf  ‘he  system,  prograr:, 
m.anager.  This  would  be  consistent  with  the  first  ser.terice  of 
I aragraph  11-J  quoted  earlier. 

Tec.hnology  Base.  Knowledge  and  capability  tc  develop  and 
produce  military  hardware.  Results  fromi  all  previous  research 
and  developmerit  and  production  activitiies  in  the  nation.  It 
includes  foreign  contributions,  Insofar  as  1 nformiat ion  access 
is  available  and  used. 

Beyond  Technology  Base.  Initial  stages  of  developmient  tc 
address  potential  alternate  solutions  to  a specific  miissicn  area 
need  CC.3B)*.  If  they  are  successful,  v;ork  will  proceed  to  full- 
scale  engineering  development  (S.h)  for  comipletion  of  develop- 
.mental  work.  [All  (3.3B  work  is  post-DSARC  I,  if  program  is  large 
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These  are  references  to  DoD  budget  category  paragraph  numbers. 


FIGURE  1.  Decision  Points  for  the  Various  Sybsystem  Development 
Policies  Considered  in  This  Study 


enough  to  r.erlt  it.  f?maller  prograns  may  be  covered  by  Frograi:i 
Memoranda  or  by  ar*  informal  DSARC  T type  decision.  Dees  not 
include  gray  areas  between  £ . 3A  and  £.33,  where  the  nature  oi' 
the  work  is  generally  £.3A  and  technology  does  net  support 
decision  for  full-scale  engineerir.f:,  development,  although  the 
comple.xity  of  the  system  requires  a large  technology  prototype, 
e.g..  Navy  Vertical  and/or  Short  Takeoff  and  Landing  (VSTCI.).] 

Cperabllity  Base.  The  knowledge  and  capability  that  lead 
to  acceptable  reliability,  availability,  and  maintainability 
(RAM)  in  operating  systems.  Results  from  previous  research, 
developm.ent , and  testing  that  include  qualification  testing  of 
components,  subsystems,  and  systems. 

S t and and 1 cat  ion . Selection,  adaptation,  and  qualification 
of  a subsystem  fci'  multisystem  use.  It  may  follow  any  fcr.m  of 
development,  but  it  usually  follows  independent  developnier.t . 

It  may  be  of  form,  fit,  functicr!,  or  detained  conf  igui-ati  on 
and  specification.  It  requires  a fcrr.al  process,  including 
extensive  qualification  testing,  and  may  require  contractor 
qualification . 

Commonality  (mui.t Isysten.  or  multiuse).  Use  of  an  item  in 
more  than  one  systen;.  Also,  it  nay  follow  any  m.ode  of  develop- 
ment . 


I I . CASE  STUDIES 
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The  manner  in  which  the  various  subsystems  considerea  in 
this  study  were  acquii-ed  is  summarized  in  Table  1.  Further 
details  are  given  in  Chapter  III.  In  Table  1 we  have  tried  to 
indicate  which  of  five  acquisition  methods  was  most  applicable 
to  each  subsystem,  although  in  some  cases  more  than  one  iriay  have 
been  Instrumental  in  bringing  the  subsystem  into  existence. 

Most  of  these  acquired  subsystems  are  discussed  in  detail  below, 
along  with  our  observations.  The  acquisition  miethods  used  by 
each  of  the  militai-y  services  are  described  in  brief  at  the  end 
of  the  chapter. 

A.  AIRCRAFT  ENGINES 
1 . Turboprop  and  Turboshaft  Engines 

The  acquisitions  of  two  types  of  engines  were  examined: 
the  T--b3  and  T-64.  The  T-53  w'as  initially  an  early  development, 
contracted  for  by  the  Arm.y  Ordnance  Corps  before  a system,  design 
requirement  was  acknowledged.  The  only  identification  of  need 
in  this  case  was  that  the  Army  would  require  a four-place,  tur- 
bine powered  helicopter.  About  six  months  after  this  initial 
specification,  the  Army  decided  that  it  needed  a more  powerful 
engine,  and  the  initial  design  was  scrapped. 

Even  after  this,  the  T-53  engine  was  modified  several  times 
in  the  cour-se  of  its  user  system  (UH-1)  development  to  Increase 
its  power.  One  of  these  upratings  occurred  after  extensive  field 
operations,  by  the  Army,  of  a large  num:ber  of  aircraft , which 
indicated  that  increased  power  would  be  de.sirable.  Fortunately, 
it  was  possible  to  uprate  the  engine  without  major  nev;  develop- 
ment . 
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TABLE  1.  CASE  STUDY  SUBSYSTEMS 


How  Acquired 


Subsystem 

Using  Systems 

1 2 3 4 5^ 

Refer 

aircraft  engines 

A.  Shaft  Engines 

1.  T-S3 

UH-1 , AH-1 

A 

2.  T-64 

H-53,  AH-56A,  XC-142,  others 

. . 

B 

3.  T-700 

UTTAS,  AAH,  LAMPS 

► 

V 

4.  Navy  proposal 

UTTAS,  AAH,  LAMPS,  HXM 

' 

V 

B.  Thrust  Engines 

1.  F-lOO 

F-15 

, 

H 

2.  F-lOO 

F-16 

H 

3.  F-401 

F-14 

• 

H 

ROCKET  MOTOR 

SRAM 

* 

E 

TANK  ENGINES 

AGT-1500 

XM-1  (Chrysler  version) 

C 

AVCR-1360 

XM-1  (GM  version) 

• 

AUTOMOTIVE  TRANSMISSIONS 

X-200 

M-113) 

c 

X-300 

MICV  1 Proposed 

* 

c 

X-1100 

XM-1  ) 

* » 

c 

HELICOPTER  DYNAMICS 

Bell 

UH-1 , AH-1 

V . 

A 

Lockheed 

AH-56A 

B 

AIRCRAFT  WEAPONS 

Chin  gun  turret 

AH-I 

» (/Adapted  from  IRAD) 

A 

GAU-7 

F-15 

k 

D 

APr.-63 

HX-200 

SPG-49 

ANSPY-1 

tll.  AVIONICS 

5CAS 
I HAS 
ARBS 

Proposed  standard  INS 
Standard  airborne  computer 

IX.  IR  SENSOR 

Standard  FLIR 


UH-1 , AH-1 
Various  helicopters 
A-AI’',  Harrier 
r-I6,  C-135,  C-141 
F-18,  LAMPS,  etc. 


OV-13,  UH-1,  F-4,  etc. 


(Contractor) 

(Contractor) 


V (Ch.) 

V (Ch.) 


GUIDANCE 

Aimpoint 


Mace,  Matador,  Pershing  II, 
etc.  (Proposed) 


V (Ch.)  i L 


*1.  Directed  development 

2.  Early  development 

3.  Independent  development 

4.  Independent  development  and  standardization 

5.  Inherited 


The  second  user  of  a subsystem  is  considered 
to  have  inherited  it. 

^Except  for  Chapter  V,  there  are  appendices  giving 
detailed  developmental  histon'es.  Note  that 
Chapter  V contains  guideline  tests  applied  to 
four  new  subsystems. 

'^Independent  Research  and  Development  (IRAD). 
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The  T-6^  engine  was  developed  by  the  IJavy  or.  a speculative 
(ED)  basis.  At  the  time  that  the  development  contract  v/as 
initiated,  the  engine  had  no  specific  "home."  The  specification 
called  for  an  engine  in  a particular  horsepow^er  range,  suitable 
for  pov/ering  three  types  of  future  Navy  aircraft,  none  of  v/hlch 
was  in  development.  The  specification  also  called  for  iriulti- 
purpose  capability  (tui'boshaft  ana  turbopi-op)  and  for  a capa- 
bility to  grow  in  power.  The  major  users  of  the  engine  were 
the  various  versions  of  the  H-E3  helicopter;  it  v/as  also  selected 
for  use  in  a number  of  fixed  v.'inm  air”rafr  . It  .might  have  had 
another  user,  the  AH-56A  Cheyenne,  bu’-  that  program  was  cancelled 
for  reasons  not  related  to  the  engir.'  . One  other  point  worth 
noting  is  that  the  compressor  section  of  this  erigine  had  been 
developed  by  General  Electric  under  TRAD  and  was  one  of  the 
bases  on  v\'hlch  the  contract  av;ard  was  m.ade.  In  the  full  sub- 
system testing,  this  compressor  developed  problems  and  had  to 
be  reengineered. 

OBSERVATION'S : The  rating  target  iyiitially  selected  for 

the  design  power  of  the  T-63  engine  was  too  low  and  re- 
sulted in  a loss  of  some  engineering  effort.  Moreover, 
even  after  the  system  was  completely  defined  ay.d  the 
requirements  were  much  better  known,  vhe  design  power 
was  found  to  be  inadequate.  The  ability  to  change  the 
engine  ' s characteristics , particularly  its  power,  was 
a highly  useful  feature  of  this  engine  design. 

The  notion  of  flexibility  in  performance  and  func- 
tion in  the  initial  specification  of  the  T-64  engine 
had  a high  payoff,  in  prev’  ding  a useful  m.ultipurpose 
engine  in  a timely  way.  Tne  flexibility  permitted 
multiple  uses  of  the  engine,  since  it  could  be  tailored 
with  minimal  development  effort  to  different  applica- 
tions. How.,ver,  this  flexibility  was  not  obtained  with- 
out penalty:  for  any  single  use,  the  engine  was  probably 

heavier  and  less  efficient  than  if  it  had  been  designed 
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specifically  for  that  use.  A vequire^.ent  for  power 
upgrading  during  the  Cheyenne  program  was  easily  met. 

Another  observation  that  ensues  from  the  T-64  case  is 
that  a component , no  matter  how  highly  developed  and 
tested  as  a component , must  be  integrated  and  tested 
with  its  operating  system,  before  its  suitability  and 
operability  can  be  certified. 

1 . Turbofan  Engines 

The  engines  for  the  F-15  and  F-14E  aircraft  were  under  de- 
velopment by  the  same  contractor  at  the  sam.e  tir;e.  A 75-  in- 
crease it.  design  thrust-to-weight  ratio  v;as  to  be  achieved 
through  the  use  of  nev/  technology.  V.'hen  technical  problems  ap- 
peared that  looked  unsolvable,  the  requiremetit  s for  the  F-15 
engine  (designated  the  F-lOO)  v/ere  relaxed  somewhat,  and  tim.e 
and  resources  were  made  available  to  com.plete  the  uevelopm.ent . 

The  problems  of  the  engine  for  the  F-14b  (designated  the 
F-401)  were  not  as  simple  to  solve.  The  engine  was  to  use  the 
same  engine  compartment  and  air  inlet  that  housed  tiiO  TF-30 
engine,  w;iich  v/as  being  used  to  power  tlie  F-14A.  It  was  intended 
to  have  more  thrust  than  the  TF-30,  although  its  air  flow  and 
size  were  limited  to  the  same  envelope  as  that  of  the  TF-30.  To 
save  weight,  the  engine's  structural  rigidity  was  ccmpi’omiised , 
which  resulted  in  comipressor-blade  tip  rubs.  Significantly, 
these  problem.s  were  experienced  in  the  enrine  testing  program 
during  the  airplane  program.  If  '^he  engine  were  to  be  qualified 
in  time  for  incorporation  in  the  F-l-B  progra.’-.,  hui-rled,  expen- 
sive, high-risk  developments  of  a num.ber  of  nevs'  com.ponents  Avould 
be  necessary.  The  decision  was  made  1 _■  -err.inate  the  development 
program  of  the  F-401  engine  for  ‘he  F-l‘*5,  although  the  engine 
Itself  remained  in  advanced  develcpr.enr . The  i.’avy  investigation, 
after  the  termilnation , found  that  the  technology  base  was  Insuf- 
ficient to  m.eet  the  goals  of  the  developm.ent ; also,  attemipts  to 
advance  the  component  technology  in  this  developm.ent  involved 
steps  that  had  net  been  demonstrated. 
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OBSERVATIONS : A new  engine  deve  lopr'tent  that  involves 

a significant  advance  in  technology  may  require  several 
years  of  lead  time  over  that  of  an  airframe . Sometim.es , 
requirements  are  unrealistic , and  performance  goals  that 
are  set  a priori  cannot  he  achieved  within  the  time 
schedule . In  the  case  of  the  F-4 01  engine , requirements 
for  very  light  weight  led  to  structural  deficiencies 
(engine  too  flexible ) and  to  a materials  mismatch.  In 
part,  this  was  attributable  to  misjudging  the  technology 
base,  which  stem.med  from  the  interpretation  of  the  results 
from:  the  advanced  engine  technology  demonstrator . 

The  problems  were  exacerbated  by  an  inadequate 
knowledge  of  aerolastic  phenomena  scaling , which  is  a 
major  problem,  for  advanced  engine  designs.  Extensive 
testing  and  develop’rsent  of  full-scale  articles  m,ust  be 
provided  over  the  range  of  operating  conditions . Further- 
more, program  rigidity  should  be  avoided.  That  is,  there 
should  be  flexibility  to  make  changes  in  specifications 
during  development,  without  a major  revision  of  the  con- 
tract. A small  relaxation  in  a performance  requirement 
can  yield  a large  im,provemient  in  such  a factor  as  aerc- 
elastic  stability,  e.g.,  moving  away  from,  the  blade 
flutter  boundaries . -If  the  F-401  engine  dev  el opment  had 
started  earlier,  or  if  the  com,ponent  technology  base  had 
been  further  advanced,  the  engine  devel  opm.ent  program, 
might  have  met  its  objectives.  An  alternative  would 
nave  been  to  back  off  fromi  the  performance  and  instal- 
lation requirement  (as  was  done  with  the  F-lOO  engine) 
and  accept  an  engine  whose  performance  would  not  be  suf- 
ficiently better  than  the  engine  already  being  used  in 
the  F-14A.  This  alternative,  which  would  have  been  dif- 
ficult to  Justify,  was  turned  down  by  the  Navy. 
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Finally , we  note  that  anangeis  in  riission  perform- 
ance requirements ^ occurring  between  the  origir.al  engine 
request  for  proposal  and  the  source  selection  time, 
cause  long-range  problems  (i.e.,  com.ponent  imprcvem.ent 
programs ) . 

B.  SRAM  ROCKET  MOTOR. 

The  :;RAM  (short-range  attack  niissile)  systerri  us^'d  no  on- 
tho-shelf  subsystems  or  major  comronents,  because  the  require- 
ments v;ere  so  stringent  that  advances  in  the  state  cf  the  art 
were  needed  to  meet  them.  The  SRAM  rocket  motor  involved  sevei'al 
s.1gnif leant  advances  In  tec'nnology.  These  Included  a solid 
rocket  motor  capable  of  cycling  on  and  off  and  a high  total  l.m- 
pulse  in  a relatively  small  volume.  Both  features  had  not  been 
deiuonstrated  in  a sir.gle  motor  prior  to  this  development.  Be- 
cause of  the  Intense  competition  for  the  development  contract 
for  th.e  oRAM  miotor,  the  competitors  greatly  underbid  *'factci’  of 
10-11)  the  development  costs.  Since  this  was  to  be  a fixed- 
price  contract,  they  clearly  had  the  expectation  of  recouping 
excess  development  costs  from  the  production  contract.  Technical 
difficulties  during  development  v/ere  follov;ed  by  litigation  among 
the  prime  contractor  (Boeing),  the  Air  Force,  and  the  rocket  de- 
veloper (Lockheed),  with  Lockheed  claiming  it  should  receive  more 
money  for  developing  the  m.otor  de.splte  the  fixed-rri  ■:'e  contract. 
One  basis  for  tt:e  Lockheed  claim.s  was  that  the  specifications 
had  changed  very  late  in  the  proposal  period  and  that  the  con- 
tractor did  not  have  adequate  opportunity  to  study  them  before 
the  prop'osal  had  to  be  submitted.  The  system:  cam.e  perilously 
close  to  failure  during  developmient , because  cf  thie  rocket  m.ctcr 
problem..  However,  in  the  end,  some  remission  cf  the  performance 
requirement  (reduced  range  at  low  altitude)  and  some  renegotiation 
of  the  contract  terms  resulted  in  a system  that  performed  es.sen- 
t tally  as  required. 
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OBSERVATIO^iS: 


The  SRAM  ease  illustrates  tvo  sides  to 


the  important  question  of  development  risk.  one  side, 

the  development  risk  was  very  high,  because  the  required 
rocket  motor  was  highly  sophisticated  and  depended  on 
technology  that  was  not  in  hand.  If  the  rocket  motor 
development  could  have  been  started  earlier,  much  of  the 
grief  might  have  been  avoided,  and  development  costs  might 
have  been  reduced.  (The  need  to  take  multiple  approaches 
to  meet  the  schedule  on  such  a complex  development  is 
very  costly.)  On  the  other  side,  the  rocket  motor  might 
have  received  early  development  without  a detailed  knowl- 
edge of  the  characteristics  of  the  system,  in  which  it  was 
to  be  used.  Then,  significant  environmental  problems 
(such  as  heat  soak  or  vibration) , which  could  only  have 
keen  determined  by  a detailed  sy stemi-requirements  study, 
might  have  been  neglected.  It  is  difficult  to  state  which 
side  predominates.  It  appears  that  the  procurer:ent  was 
undertaken  without  an  adequate  technology  base,  particu- 
larly in  solid- fuel  rocketry . And  a further  demonstration 
of  rocket  capability  should  have  been  requested  before 
such  stringent  requirements  were  specified.  Minor  easing 
of  the  volum.e  restrictions  might  have  notably  decreased 
the  development  risk  of  this  program,.  We  note,  however, 
that  these  statements  are  made  in  the  face  of  the  fact 
that  the  SRAM  appears  to  be  a successful  developmeyit , 
which  in  the  end  met  its  (adjusted)  performance,  cost, 
and  schedule. 

C.  TANK  ENGINES 

Two  engines  are  candidates  for  powering  the  XK-1  tank,  cur- 
rently under  development.  The  AGT-1500  engine  is  a 1500-hp 
turbine  engine,  which  has  had  substantial  testing  (over  80G0 
hours),  including  12,500  miles  in  vehicular  operation.  This 
engine  appears  to  be  ready  for  adaptation  to  the  XH-1  tank,  and 
production  planning  has  started. 
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The  second  engine,  the  AVCR-I36O,  is  a piston  engine  with 
a variable  compression  ratio.  It  will  provide  about  the  sam.e 
power  as  the  AGT-I5OO  will  and  is  in  about  the  same  state  of 
development . 

Both  engines  have  been  inherited  from  previous  tank  program.s 
that  have  been  canceled.  In  fact,  development  of  both  engines 
ceased  for  awhile,  but  it  was  revived  v;hen  the  possibility  of 
their  use  revived.  Both  engines  were  partially  developed  under 
IRAD  and  technology  base  funding  as  well  as  funding  from,  tank 
programis . For  the  XM-1  tank,  we  consider  the  engines  to  be  in- 
herited , 

C3SER VATIONS : The  XM-1  tank  has  two  aompanatively  low- 

risk  engine  options  as  a result  of  development  work  under- 
taken previously  for  aanaeled  tank  programs.  If  neither 
of  these  engine  developments  had  been  started  as  early 
as  they  had  they  might  still  have  been  started  in  1972, 
with  the  expectation  that  they  would  be  ready  for  systemi 
production  by  1979.  But  the  risk  of  development  would 
have  been  higher,  and  there  would  have  been  no  develop- 
mental engine  on  which  to  base  system,  decisions . These 
early  developments  resulted  in  the  early  availability 
of  the  engines , which  influenced  the  tank  system  de- 
cisions, and  significantly  reduced  the  rick  in  developing 
the  new  tank. 

D.  AUTOMOTIVE  TRANSMISSIONS 

The  Army  has  developed  a family  of  transmissions  that  were 
intended  for  use  in  a variety  of  armored  vehicles.  These  Include 
the  ARSV  (Armied  Reconnaissance  Scout  Vehicle),  the  M113A1  AFC 
(Armored  Personnel  Carrier),  and  the  MICV  (Mechanized  Infantry 
Combat  Vehicle),  The  largest  member  of  the  transmission  family 
is  the  X-1100,  which  is  being  developed  for  both  versions  of  the 
XM-1  tank,  as  well  as  for  retrofit  into  the  improved  M-60  tank. 
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It  fits  these  different  roles  by  using  a modular  design  in  which 
different  input  sections,  adaptable  to  the  characteristics  of 
the  different  engines,  are  utilized.  The  members  of  the  trans- 
mission family  also  have  parts  that  are  interchangeable  with 
commercial  transmissions.  From  the  large  volumie  of  data  on 
commercial  truck  and  car  transmissions,  the  manufacturer  of 
these  transmissions  has  developed  methods  and  data  for  predicting 
the  perform.ance  and  the  reliability  of  each  component.  Experience 
has  shown  that  this  Inform.atlon  is  scalable  to  components  and  sub- 
systems of  different  ratings,  though  it  is  still  necessary  to 
perform  total  systems  testing  in  each  new  type  of  vehicle. 

OBSERVATIONS : A family  of  transmissions  has  been  de- 

veloped by  the  Army  largely  through  independent  develop- 
ment, by  TACOM  or  its  predecessor  organization  although 
various  members  of  this  family  are  linked  to  specific 
vehicles  that  use  them.  The  development  of  the  family 
was  assisted  by  the  ability  of  the  contractors  to  scale 
up  power  ratings , an  ability  that  stems  from  the  knowl- 
edge gained  from  extensive  comm.ercial  development . It 
appears  that  the  scaling  can  be  applied,  not  only  to 
performance  factors,  but  also  to  reliability  and  dura- 
bility. 

Usually  in  military  transmissions,  which  are  de- 
signed for  low-volume  production  for  a specific  system, 
the  provision  for  growth  is  less  than  that  typical  for 
comm,ercial  products . Modifications  are  paid  for  by  the 
military  customer;  incentives  do  not  exist  to  create 
designs  capable  of  growth. 

Despite  the  ability  to  predict  reliability  and., 
performance  in  scaling  to  different  sizes,  it  is  neces- 
sary to  run  full  system  qualification  tests,  since  other 
com.ponents  in  the  system  might  impact  on  the  performance 
and  RAM  of  the  system.  At  least,  in  the  automotive  area. 
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it  appears  possible  to  design  components  and  subsystems 
to  a tentative  specification^  while  allowing  for  future 
growth.  Such  designs  can  be  tested  and  debugged.  Then, 
if  it  becomes  necessary  to  change  the  specification 
somewhat  to  m.eet  the  needs  of  the  system,  the  subsystem 
or  component  can  be  redesigned.  The  new  design  will  not 
require  as  much  testing  as  will  the  original  design, 
because  the  original  testing  results  will  still  he  ap- 
plicable. Thus,  it  should  he  possible  to  fund  such  long 
lead  items  in  advance  of  the  time  when  a final  specifica- 
tion is  known,  and  decrease  the  need  for  concurrency  in 
the  development  of  components  and  system,.  The  system 
designer  would  then  proceed  to  design  his  system  with 
lower  risk  and  with  some  likelihood  of  overall  savings. 

The  savings  would  accrue,  because  concurrent  develop- 
r.ent  som.etim.es  creates  a need  for  multiple  simultaneous 
approaches  to  increase  the  likelihood  of  timely  success, 
a need  that  is  obviated  when  a developed  subsystem,  is 
at  hand. 

E.  HELICOPTER  DYNAMIC  SYSTEMS 

In  this  section,  we  refer  only  to  tiie  helicopter  drive  and 
I'Otor  systems.  The  engines  discussed  earlier  are  not  included. 
The  dynamic  system  of  the  UH-1  helicopter  v;as  developed,  as 
part  of  the  aircraft  system  by  the  prime  contractor.  The 
AH-1  used  the  dynamic  system  that  had  been  developed  for  the 
UH-1,  but  with  a different  fuselage  configured  around  it.  How- 
ever, by  the  time  the  AH-1  development  had  been  started,  the 
dynamic  system  had  gone  through  some  evolution,  and  the  con- 
tractor's knowledge  of  it  v;as  relatively  mature.  But  in  any 
case,  the  AH-1  helicopter  inherited  its  dynamic  system  from  the 
UH-1,  and  no  scaling  was  necessary  to  miake  the  adaptation.  In- 
stead, the  AH-1  was  scaled  to  the  available  dynamic  components. 
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In  the  case  of  the  A1I-56A  (Cheyenne),  the  circun.star.ces 
were  somewhat  different.  The  Cheyenne  development  depended  on 
a new  technology  that  had  been  successfully  demonstrated  on  a 
smaller  prototype  vehicle.  In  fact,  the  successful  i rot -type 
was  the  basis  for  the  system  proposed  by  the  contractor.  In 
the  course  of  this  developmerit  , the  contractor  tried  to  scale 
up  the  old  system..  But  he  ran  into  difficulties;  specifically 
serious  rotor  control  instabilities  in  certalt.  fll;-h*  r*-glmes. 
Although  the  existence  of  such  instabilities  had  bet-n  r'.- ■ -r.l  ,.v 
in  the  earlier  vehicle,  it  had  teen  possible  t.  conflesr*  • h‘- 
flight  envelope  around  such  conditions,  thereby  avlalr.j:  'hem. 
This  was  not  possible  v/ith  the  lai'ger  pr(.t''type  m..achi  r.e , an; 
disaster  resulted. 

OBSERVATICNS : Heliaoptep  dynari^  systere  ure  :».e  ;r‘"  ry. 

basis  for  kelioopter  design  and  perfcr'naK/e.  ue.  .a 
they  do  not  seem  to  be  good  candidates  for  ; - 

ment . But  cex'tain  oom.poncnts  of  th< 

such  as  transmissions , m,ight  be  can  ■'  dates  f r ■ :r~y  - 
velopment  p>rovided  their  scaling  is  'jell  unders‘  i 
discussion  under  automotive  transm  ' s si  ons  al  o-v-  I . ' > 

addition,  the  scaling  of  helicopter  dynamic  e'ys‘e'”e  i'es 
not  appear  to  be  a welt  understood  ur*;  there f re,  i^  is 
necessary  to  test  and  qualify  dynamic  system  components 
at  tlieir  full  size.  The  Cheyenne  failure  might  not  have 
occurred,  if  the  technology  base  had  beer,  developed  to 
support  it,  or  further  analysis  and  testing  had  been  accom. 
pushed.  In  this  case,  early  development  might  not  have 
been  possible , but  it  would  have  been  better  to  have  held 
up  the  development  until  more  knowledge  was  available 
about  these  kinds  of  systems. 

F.  HELICOPTER  WEAPON  SYSTEMS 

Helicopter  weapon  systems  have  constituted  existing  ground 
or  airborne  weapons  adapted  to  helicopter  alrframies.  At  first, 
such  adaptations  were  relatively  primitive  (e.g.,  hard-mounting 
machine  guns  or  rocket  pods  on  larding  skids).  Then,  after 
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the  deficiencies  of  this  type  of  adaption  were  recognized  in 
the  early  1560s,  the  combined  efforts  of  helicopter  manufacturers 
and  weapon  manufacturers  resulted  in  flexible  side  mounts,  tur- 
rets, and  universal  pylons  on  which  a variety  of  weapons  could 
be  carried  and  operated.  This  activity  eventually  produced  the 
first  attempt  at  an  integrated  prototype  gunship,  in  which  two 
’'.-60  machine  guns  were  installed  in  a turret,  chin-mounted  on 
an  H-13  (Sioux  Scout  helicopter).  The  aircraft  was  configured 
■.-.•ith  tandem  seating  to  r-educe  drag;  also,  side-arm  flight  con- 
trols were  installed  to  provide  space  for  the  gunner's  sight. 

This  derrionstrat ion  prototype,  which  had  been  assem.bled  under 
IRAD  funding,  became  the  basis  for  a full-scale  weapon  helicopter 
development,  the  AII-1.  The  demonstration  also  evoked  the  con- 
cept of  the  AAFSS  (Armed  Aerial  Fire  Support  System).  This  was 
to  be  a highly  sophisticated  helicopter  weapons  aircraft,  but 
its  development  was  never  completed  (see  Appendix  B)  . The  Arm.ed 
Attack  Helicopter  (AAH) , presently  in  prototype  competition,  is 
also  an  outgrowth  of  this  earlier  developirient . Even  in  this 
case,  however,  no  new  weapons  have  been  developed  expressly  for 
this  system. 

voSERVAT  IGllS : Typically , helicopter  weaponeering  has 

involved  the  integration  of  an  existing  weapon  and  a 
fire  control  system  with  a helicopter  airframe . No 
weapon  has  been  developed  exclusively  for  helicopter 
use.  Rather,  weapons  have  been  adapted  to  this  use, 
som, ctim.es  after  solving  complex  integration  problems. 


The  typical  behavior  of  the  industry  has  been  to 
develop  prototype  systems  under  IRAD  and  then  to  interest 
the  military  in  funding  full-scale  developm,ent . While, 
in  som.e  cases,  the  developmey'.ts  may  have  involved  sig- 
nificant changes  in  the  peripheral  equipm.ent  used  for 
the  weapon  system,  they  did  not  involve  developing  new 
weapons.  In  none  of  the  cases  was  the  aircraft  develop- 
ment significantly  impeded  by  a weapon  developmer.t. 
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F-'-nae  the  weapons  had  been  developed  unden  other 
programs  and  were  available  for  inheritance  by  the 
helicopter  weapon  systems. 


G.  RADARS 

The  weapon  system  radars  that  we  have  looked  at  in  this 
study  include  the  ASG-18  intended  for  the  F-IO8,  YF-12,  F-lllB, 
and  F-lAA.  Originally  in  1959,  this  radar  was  a concurrent  de- 
velopment for  the  F-IO8  airplane.  However,  when  that  airplane 
program  was  canceled,  the  radar  development  was  continued  for 
use  in  the  YF-12  (i960),  then  in  the  F-lllB  (1962),  and  finally 
(1967)  in  the  F-14A.  Although  the  radar  was  changed  somevjhat 
for  each  application,  in  its  final  role  in  the  F-IAA  it  had  a 
miature  design  that  could  provide  the  required  performance. 

The  AFG-63  radar,  which  is  used  on  the  F-I5  airplane,  is  a 
descendant  of  the  ASG-I8.  But  it  employs  some  m.odes  of  operation 
that  are  different  from  those  of  the  ASG-I8.  The  design  was 
based  originally  on  company  funded  and  IRAD  funded  work  and  was 
selected  in  1968  after  a funded  com.petition , which  involved 
flying  brassboard  radars  developed  for  competitive  flight  evalu- 
^ at  ion. 

Similarly,  the  radars  for  the  F-I6  and  F-I8  originated  fi’om 
independent  work  on  new  radars,  which  were  brought  to  a stage 
of  laboratory  demonstration  and  then  funded  by  the  Air  Force 
for  use  on  flying  brassboard  radars  tailored  to  the  F-I6  re- 
quirements. Both  these  radars  are  built  to  accept  m.odules 
that  will  Increase  their  performance. 

OBSER VAT IONS;  Each  of  the  F-14A,  F-15,  and  F-ie/18 
radars  bene  fitted  from  previous  government  support  on 
other  radar  programs.  The  F-14A  and  F-15  radars  are 
lineal  descendants  of  the  ASG-18,  originally  developed 
e for  the  F-1G8  (canceled)  and  later  used  in  the  YF-12 

^ and  F-111.  The  F-14A  radar  is  a somewhat  improved  ASG-18. 
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The  F-15  radai'  represents  an  interpolation  in  perform- 
anse  within  the  performanae  boundary  op'  the  F-14A  radar, 
hut  with  a new  medium  PRF  moae.  The  two  F-16  radars 
evolved  f'rorn  company- funded  developments,  as  well  as 
substantial  previous  goiiernmient  support  of  operational 
and  brassboard  radar  developments . 

The  F-IS  and  F-16  radars  are  examples  of  radar  de- 
velopments within  the  maximum,  performance  supported  by 
the  available  technology  base  or  state  of  the  art.  Ex- 
perienced contractors  can  be  expected  to  develop  such 
radars  with  low  risk.  Also,  when  the  state  of  the  art 
is  not  being  advanced,  contractors  can  make  tradeoffs 
that  permit  flexibility  and  com.promises  that  can  re- 
duce costs.  Moreover,  when  the  state  of  the  art  is 
well  advanced  compared  to  what  is  demanded  of  it,  the 
radar  procurem.ent  offers  little  risk  to  the  scheduled 
developm.ent  of  the  aircraft. 

Generally , in  the  latest  developments  of  these 
radars,  the  contractors  had  available  several  viable 
approaches  for  each  subsystem.  Although,  in  some  cases, 
there  were  substantial  differences  in  the  ccm.poner.ts 
selected  by  the  different  contractors  for  the  same  func- 
tion, both  outcom,es  were  satisfactory . The  previous- 
development  history  of  these  aircraft  radars  can  be  con- 
sidered as  independent  developm.ent  that  led  to  the  F-15, 
F-16,  and  F-18  radars,  although  there  was  concurrent 
developmicnt  to  refine  the  specific  configurations  in 
each  case. 

Finally , it  appears  that  when  the  state  of  the 
state  of  the  art  in  radar  is  well  advanced  compared  to 
the  performance  demands  that  are  made  upon  it  (i.e.,  the 
contractors  are  working  within  the  state  of  the  art  and 
not  advancing  it),  the  development  can  emphasize  the 
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aspects  that  are  often  neglected  in  advancing  the 
state  of  the  art  such  as  producibility , cost^  and 
RAM.  Conversely , if  the  state  of  the  art  is  being 
pushed,  one  can  expect  these  other  factors  to  suffer 
as  the  contractor  concentrates  on  meeting  performance 
specifications,  particularly  if  he  is  limited  to  a 
siyigle  unsatisfactory  choice  of  a radar  component. 

Under  such  circumstances , a contractor  may  slip 
schedules  and  costs  while  trying  to  m.ake  such  a com- 
ponent work  properly . In  the  cases  of  the  F-16,  F-16, 
and  ^-18  radars,  the  state  of  the  art  was  sufficiently 
mature,  the  technology  sufficiently  advanced,  and  the 
packaging  well  developed.  As  a result,  there  was  no 
large  problem  in  integrating  the  radars  within  the 
physical  constraints  of  the  aircraft  and  retaining 
radar  performance,  despite  the  relatively  small  radome 
that  limited  the  antenna  size. 

H.  FORWARD-LOOKING  INFRARED  SENSORS  (FURS) 

During  the  I960  decade,  PLIRS  achieved  very  good  performance. 
But  the  market  was  limited  and  unit  prices  were  high.  With  strong 
encouragement  from  ODDR&E  the  Army's  Night  Vision  Laboratory  (NVL) 
at  Ft.  Belvoir,  the  lead  laboratory  In  the  Infrared  area,  studied 
the  market  and  concluded  that  the  market  for  FLIPS  could  be 
increased  considerably  and  prices  reduced  significantly  through 
a major  standardization  effort.  .NVL  used  its  position  as  the 
major  service  funding  agency  for  Infrared  R&D  to  force  the  stan- 
dardization of  IR  related  detectors  and  theii  the  development  of 
designs  to  form  the  basis  for  a standardization  effort.  Apart 
from  the  development  of  suitable  designs,  the  NVL  program  in- 
cluded adequate  documentation  and  the  at elopmient  of  second  pro- 
duction sources  for  the  various  modules  that  composed  the  designs. 
In  the  program,  it  became  clear  that  the  repair  philosophy  dictated 
the  requirement  for  documentation.  "Form,  fit,  and  function" 
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standardization  might  have  been  adequate  for  throwaway  modules. 
But  for  modules  that  were  to  be  repaired  by  the  military  services 
rather  than  by  the  contractor,  it  was  necessary  to  control  the 
configuration  and  to  acquire  detailed  information  on  the  internal 
structures  of  the  modules. 

The  program  to  develop  a standard  FLIR  and  an  adequate  pro- 
duction base  took  five  years.  The  reduction  in  price  that  the 
program  has  yielded  is  significant.  In  the  case  of  the  TOW,  the 
FLIR  systen.  cost  has  been  reduced  from  $60,000  to  $11,000  (Ref. 
4).  Although  few  standard  FLIRs  have  been  produced  to  date, 
conti-actlng  has  been  completed  by  the  Army  for  a large  num;ber 
of  these  system.s. 

OBSzHVA  710'J  NVL  had  the  advantage  of  having  corrpe- 
tition  from  other  service  organizations  in  the  infrared 
area.  It  uas  necessary  for  NVL  tc  maintain  its  con- 
tinuity of  purpose  for  five  years  tc  accomplish  the  stan- 
iarUzatioK.  It  was  also  necessary  to  find  ways  of  en- 
suring volume  production  by  two  or  more  suppliers  to 
'^aintair.  competition.  This  entailed  the  development 
of  a suitable  iroductioyi  data  package  and  an  industrial 
base.  It  was  also  necessary  to  define  the  repair  phi- 
losophy early  so  that  configuration  control  could  be 
implcm.ented , if  necessary , for  service  repair.  It  is 
clear  from  this  example  that  a strong  cey.tral  guiding 
org  inization,  capable  of  developing  both  technology 
and  ayi  iyidustrial  base,  is  essential  to  successful 
c tandardizat  ioyi . 

I.  SERVICE  ACQUISITION  METHODS 

The  military  services  use  different  methods  for  the  acqui- 
sition of  subsystem  hardware.  In.  the  Army,  a formal  paper  sucli 
as  an  ROC  (Required  Operatioiial  Capability)  provides  the  authorit 
and  budget  to  ensure  that  standardized  items  are  developed  and 
used.  An  ROC  is  developed  to  cover  some  kinds  of  capability 
such  as  aircraft  survival,  target  serislng,  and  navigation  for 
a variety  of  alrcr-aft. 
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The  JIavy's  system  is  similar  to  tha'^  of  the  Army',  except 
that  fun  ling  for  commodity  development  and  procurement  must  come 
frcr.  th--  system  program.  This  creates  scheduling  problems,  since 
the  fur;js  are  not  usually  made  available  to  the  commodity  rrianager 
until  s metime  after  the  program  has  been  funded.  Moreover,  the 
liavy  cor.modity  rrianager  does  not  have  the  authority  to  force  stan- 
dardization decisions.  Instead,  he  must  persuade  the  program 
manager'?  to  accept  standard  items.  Only  in  relatively  fev; 
instances  has  the  Navy  corrjTiOdlty  m.anager  obtair;ed  advance  fund- 
ir.g,  sc  that  he  can  Independently  develop  a standard  item  for 
inclusion  in  a number  of  systems. 

The  Air  Force  does  not  use  a commodity  conimand  crgenization . 
However,  it  has  undertaken  a prcgi’am  to  develop  certain  standard 
items  (e.g.,  inertial  navigators),  v/hlch  are/"to  be  used  in  new 

k I 

[ aircraft  and  also  to  be  reti*ofitted  in  sene  old  oi.es.  The  pro- 

\ gran  is  using  the  services  of  ARINC,  Inc.,'"a  private  firm  that 

I was  originally  set  up  by  the  corruiierclal  ali'lines  to  provide 

^ such  services.  ARINC  plans  to  use  tVie  same  basic  technique  for 

; the  Air  Force  as  it  has  used  in  aeveloping  airline  equipment 

I specifications. 
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III.  DEVELOPMENT  OF  LONG  LEADTIME  ITEMS 

A primary  consideration  in  an  early  development  decision, 
v;ith  respect  to  the  acqusltion  of  major  subsystems  whose  de- 
velopment time  is  long  relative  to  the  other  parts  of  a systems, 
is  whether  the  subsystem  should  be  the  development  pacing  item 
in  the  system  of  which  it  is  to  he  a part.  Major  programs  re- 
quire about  7 to  12  years  for  system  development  to  deployment ; 
major  components  often  require  about  5 to  10  years  of  develop- 
ment time.  These  two  time  periods  can  be  concurrent  to  somie 
extent.  But  excessive  telescoping  of  these  times  ha.="  led  to 
problems,  because  Important  system  functions  have  been  based 
on  components  that  were  not  always  suitable  in  the  field.  Per 
critical  components,  it  is  desirable  to  demons  ..rate  their  ability 
to  perform  under  field  conditions,  before  the  system  concept  is 
firmly  decided.  This  mieans  that  for  these  critical  com;ponents, 
the  lowest  risk  is  incurred  v;her.  comiponent  development  and  sys- 
tem development  tines  are  consecutive.  But  this  is  difficult, 
because  developments  are  not  normally  dene  in  a leisurely  manner. 
Rather,  they  are  pushed  to  get  useful  hardware  as  rapidly  as 
possible,  once  the  decision  has  been  m.ado  to  go  ahead  with  de- 
velopment. There  are  several  reasons  for  this  acceleration  in 
development;  existing  hardv/are  tends  to  become  obsolete  and 
to  need  quality  upgrading,  new  technology  promises  to  make  sub- 
stantial Improvements,  and  the  thi'eat  is  perceived  to  need  off- 
setting . 

Long  leadtime  items  are  acquired  in  a variety  of  ways.  We 
describe  eight  of  these  below.  h'ote  ‘hat  methods  E through  H 
represent  deliberate  ways  in  which  long  leadtimie  hardware  has 
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been  acquired  in  the  past;  methods  C and  D represent  nondelib- 
erate,  almost  accidential,  ways  in  which  long  leadtirr.e  items 
have  been  acquired.  Frequently,  a subsystem  comes  into  existence 
via  a combination  of  these  methods. 

A.  DEVELOPED  UNDER  THE  PROGRAM  (CEE) 

In  this  case,  the  contractor  develops  a subsystem  as  pa^'t 
of  the  contract  for  the  nia.-jor  system  and  supplies  the  subsystem 
to  the  program  as  contractor  furnished  equipiTient  (CFE).  Quite 
often,  the  subsystem  is  designed  a>id  fabricated  by  a subcon- 
tractor who  works  to  specificaticns  laid  out  by  the  prime  con- 
tractor. Obviously,  in  this  case,  the  time  to  initial  operating 
capability  (IOC)  m.ust  include  the  sum  of  subsystem  development 
time  and  the  integration  time.  But  there  may  be  sonie  oppcrturiity 
for  som<r  time  telescoping  through  close  collaboration  of  the  con- 
tractors, so  that  system  integratioi'.  can  be  started  as  so''n  as 
the  subsystem  design  is  available. 

B.  DEVELOPED  UNDER  THE  PROGRAM  (GEE) 

This  is  a variaiit  of  the  case  above,  except  that  the  sub- 
system contractor  is  responsible  to  a Oov-rr.mer.*:  manager  rather 
than  to  the  priiTie  contractor.  The  subsyster  l.=  supplied  as  OFF., 
by  the  Government,  to  the  urime  c;-ntractor  v;ho  is  still  respon- 
sible for  integrating  it  into  the  syste."'.  The  essential  dif- 
ference betvfeen  this  m.ode  and  the  one  ab  ,ve  is  responsibility. 

The  prime  contractor  is  not  respor.si‘  ie  for  the  quality  of 
equipment  provided  through  GFE  sources. 

C.  DEVELOPED  UNDER  PRIOR  SYSTEM  PROGRAM 

Sometimes,  a long  leadtime  item  becomes  available  in  a 
timely  fashion,  because  development  was  initiated  for  a dif- 
fereiit  system  and  the  item  was  found  to  be  suitable  f~r  a new- 
one  (e.g.,  F-lOO  engine  used  in  F-l6  airplane).  This  might  also 


4 


happen  because  a program  was  canceled,  and  some  of  the  m.ajor 
components  were  determined  to  be  suitable  for  a follow-on  sys- 
tem. This  occurred  in  the  case  of  some  components  of  the  mo- 
bility subsystem  of  the  XM-1  tank,  including  the  engine,  sus- 
pension, and  transmission. 

D.  ADOPTION  OF  INDEPENDENT  RESEARCH  AND  DEVELOPMENT  (IRAD) 

Contractors  are  continually  performing  IRAD,  which  often 
results  in  a subsystem  or  component  feasibility  demonstration. 
Most  often,  this  seems  to  be  appllea  to  product  im.provement . 

But  occasionally  it  results  in  the  concept  of  a new  subsystem 
that  is  then  contracted  for  as  CFE.  The  UH-1  and  the  AH-1 
dynamic  systems  represent  examples  of  subsystems  that  were  im- 
proved through  contractor  IRAD.  The  AH-1  is  an  example  of  a 
new  system  that  was  conceived  pai*tly  under  IRAD,  using  the  basic 
UH-1  with  a new  fuselage  design. 

E.  PROTOTYPING 

A number  of  long  leadtime  items  are  procured  by  starting 
development  during  the  program  definition  phase.  Such  items 
are  Independently  developed,  even  though  they  are  clearly  in- 
tended for  a particular  "home"  system,  because  the  system 
program  office  was  not  organized  when  the  development  was  ini- 
tiated. However,  in  the  program  definition  phase,  enough  in- 
formation is  developed  about  the  system,  characteristics  and 
requirements  to  allovi  the  development  of  long  leadtlmie  subsys- 
tems to  start  in  advance.  The  F-lOO  engine  and  the  radar  for 
the  F-15  all-plane  are  examples  of  this  method.  Their  develop- 
ment was  started  during  the  F-X  program  definition  phase  that 
led  to  the  F-15  airplane,  and  prototypes  were  in  test  stages 
before  the  F-15  system  program  was  initiated.  Since  a specific 
user  system  was  identified,  we  consider  the  engine  and  radar  to 
be  early  developments  rather  than  independent  developments. 
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F.  EQUIPMENT  FAMILIES 
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The  X-1100  transmission  for  the  XM-1  tank  illustrates 
another  deliberate  way  in  which  early  development  mimht  occur. 

The  X-1100  transmission  is  the  largest  member  of  a faiTilly  of 
X-series  transrriissions  for  heavy  military  vehicles.  The  design 
is  miodular,  to  permit  maximum  parts  commonality  with  other  mer.- 
bers  of  the  transmission  famiily,  while  retaining  com.pat it ility 
with  different  applications.  It  can  be  used  with  either  the 
turbine  or  diesel  version  of  the  XM-1.  In  the  devel : pnie.nt  of 
this  family  of  transmissions,  experience  was  gained  in  scaling 
up  designs  and  hardw^are.  This  maue  It  possible  to  devel  -p'  the 
X-1100  rapidly,  largely  from,  tlie  X-700,  a smaller  transmission 
that  had  oeen  developed  earllei'.  Early  full-scale  engineering 
development,  in  this  case,  provided  two  benefits:  a fam.ily  of 

subsystems  that  could  be  used  in  several  veliicles,  and  the  tech- 
nical background  and  knov;-how  to  readily  scale  these  subsysten;s 
to  different  requirements. 

G.  MODULAR  DEVELOPMENT 

Another  dellber-ate  way  in  which  early  developm.ent  takes 
place  Is  through  modularization  of  the  system.  This  m.akes  it 
possible  to  change  or  improve  the  perforriance  of  a system,  by 
substituting  different  components  or  subsystem.s.  To  som.e  ex- 
tent, this  is  true  of  any  system;  howevei',  the  essential  charac- 
teristic here  is  that  the  system,  is  deliberately  designed  with 
interfaces  that  permit  components  to  be  readily  exchanged,  often 
through  a plug-ir;  or  bolt-on  m.echanism.,  and  new  system  integration 
is  not  required.  The  Standard  missile  is  an  exam, pie  of  this  kind 
of  development.  It  has  a long  history  of  being  up;.;raded  and 
provided  with  new  capabilities  through  the  exchange  of  bolt-on 
subassemblies,  a pi-actice  that  is  in  keeping  with  a philosophy 
adopted  by  the  system  manager  many  years  ago.  Thus,  develop- 
m.ent risks  in  the  Standard  miissile  program  were  restricted  to 
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small  pieces  of  the  system.  Yet,  overall,  a sophisticated 
operational  system  em.erged  from  the  process.  As  another  ex- 
ample, the  Westinghouse  WX-200  radar,  v;hich  has  been  selected 
for  the  F-l6  airplane,  can  augment  Its  basic  capability  by 
adding  modular  subasserriblles  to  a determined  electrical  bus 
structure . 


H.  DELIBERATE  DECISION  FOR  EARLY  DEVELOPMENT 
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The  fourth  deliberate  way  of  developing  a long  leadtime  sub- 
system or  component,  for  use  in  an  undefined  system.,  is  simply 
to  m;ake  a decision  to  do  so.*  Obviously,  a system;  development 
cannot  be  comipleted  in  less  tim.e  than  it  takes  to  develop  its 
longest  leadtime  component.  Subject  to  such  a lim.itatlon,  it 
is  possible  to  reduce  time  to  IOC  by  telescoping  (overlapping) 
developmient  so  that  the  total,  elapsed  system,  development  time 
is  less  than  the  linear  sum  of  the  times  needed  to  complete  each 
development  separately.  However,  telescoping  developnient  tim.e 
entails  certain  risks  and  costs.  This  is  especially  true,  if 
the  system;' s requirements  den'.and  high  perform.ar.ee  of  its  com;- 
ponents  (many  of  which  are  likely  to  be  new  and  unproven),  or 
if  extensive  sytem  integration  is  required.  Since  this  type  cf 
early  development  is  of  principal  Interest  in  this  study,  we 
shall  discuss  it  in  detail  here. 
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In  this  discussion,  we  use  the  term  "long  leadtim.e"  to  refer 
to  components  or  subsystems  whose  develcpmient  time  is  sig- 
nificantly greater  than  other  parts  of  a system;.  We  assumie 
that,  through  previous  experience,  it  is  possible  to  identify 
such  subsystemis  and  to  accurately  estimiate  their  development 
times,  before  an  upcoming  system.' s characteristics  are  known 
in  detail. 
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1 . Reasons  for  Early  Development 


A decision  to  undertake  the  eai'ly  development  of  long 
leadtlrr.e  subsystems  can  be  made  fc  r the  following  reasons; 

a.  To  Reduce  Time  to  System  IOC.  Tiie  early  Initiation  of 
developing  the  longest  leadt-!rr.e  item  pei’i^-iTs  the  reduction  of 
the  time  to  IOC  by  whatever  amount  the  subsysten  takes  to  de- 
velop over  the  next  longest  leadtlrr.e  item.  Additional  time 
savings  can  be  realised  through  early  developrTrent , since  the 
existence  of  a subsystem  fixes  one  set  of  systerri  parameters. 

That  is,  if  a subsystem  design  exists,  ether  components  vrith 
which  it  interacts  can  he  defined  more  easily,  and  integration 
may  be  smoother.  On  tlie  other  hand,  with  concurrent  development, 
as  the  subsystem  is  developed  and  difficulties  are  experienced, 
it  is  often  necessary  to  modify  interface  specif  icat  ior.s  and 
then  interacting  components;  <hus,  an  interactive  pro'cedure  is 
started  that  can  lead  to  Increased  effoi't  ^ costs,  and  schedule 
changes.  The  existence  of  a subsystem  provides  a pai'tial  base 

to  the  remainder  of  the  systerri  design;  also,  it  reduces  the 
amount  of  concurrent  development  that  might  be  needed  to  complete 
the  system  by  the  IOC  data.  This  can  reduce  costs  as  well, 
since  the  greater  a high  risk  development  is  rushed  the  more 
it  is  necessary  to  try  a number  of  approaches  to  find  one  that 
will  work.  The  potential  for  waste  in  such  circumstances  is 
obvious . 

b.  To  Reduce  Development  Risk.  The  availability  of  a 
critical  subsystem  (or  the  fact  that  one  is  well  along  in  de- 
velopment) reduces  the  risk  of  the  system  development  progra.m 
encountering  difficulties  or  of  being  unsuccessful.  Also, 
system  perform.ance  can  be  estiPiated  more  accurately.  Or.  the 
other  hand,  an  unsuccessful  attempt  at  early  development  of  a 
subsystem  may  prevent  initiating  the  development  of  a system, 
that  critically  depends  on  the  subsystem.  At  the  very  least, 
the  failure  to  develop  a subsystem  during  early  development 
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should  lead  to  an  earlier  search  for  a different  approach. 

This  would  avoid  costs  due  to  the  disruption  of  the  total  sys- 
tem development  while  waiting  for  the  subsystem  to  reach  a satis- 
factory level  of  development. 

c . To  Reduce  Need  for  Product  Improvement  Programs  (PIPs) 
After  IOC.  Telescoping  of  development  tim.e  often  results  In 
systems  being  delivered  with  Inadequate  RAM  (Reliability,  avail- 
ability, and  maintainability).  The  PIPs  that  are  undertaken  to 
correct  these  Items  are  costly;  meanwhile,  the  operational  utility 
of  the  systems  Is  degraded  or  nonexistent.  Combat  aircraft  sys- 
tems that  should  be  operating  at  about  70%  availability  rates 

may  have  substantially  poorer  availability,  and  In  some  cases 
miay  be  grounded  because  of  the  poor  RAM  of  one  m.alor  subsystem. 
This  is  illustrated  by  the  case  of  the  A-7D  (see  Appendix  K). 
Considerable  savings  might  have  been  achieved,  either  by  delay- 
ing IOC  or  by  initiating  development  of  the  critical  subsystem.s 
earlier  and  working  the  problems  out  during  the  system,  develop- 
ment . 

d.  To  Support  Industrial  Base.  Military  purchases  effect 

a significant  am^ount  of  Irregularity,  which  reduces  the  capability 
and  willingness  of  industry  to  support  the  m.ilitary.  Slack  times 
are  used  to  make  additions  to  the  technology  base  through  R&D 
funding,  but  the  funding  Is  not  sufficient  to  take  up  all  the 
slack  t tween  m.ajor  developments.  Early  developm.ent  of  major 
subsystem.s  could  be  used  to  even  out  some  of  this  varying  work- 
load and  make  for  a more  competitive  and  more  responsive  in- 
dustrial base. 

2 • Early  Development  Risks  and  Their  Avoida nee  or  Minimization 

The  decision  to  undertake  the  early  development  of  long 
leadtime  subsystems  carries  vjith  it  Implicit  risks.  Such  risks 
and  their  avoidance  or  minimization  are  as  follows: 

i 
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a.  Subsystem  Development  May  Not  be  Used.  Either  the 
system  in  which  the  subsystem  is  to  fit  may  not  comie  into  exis- 
tence, or  the  program  manager  may  decide  to  develop  the  subsys- 
tem himself.  Thus,  the  subsystem  development  may  be  comipletely 
wasted.  At  best,  it  represents  a costly  addition  to  the  national 
technology  base,  which  might  be  regarded  as  providing  an  addi- 
tional management  option. 

To  some  extent,  the  likelihood  that  developed  subsystems 
will  be  used  can  be  enhanced  by: 

1.  Selecting  only  those  subsystems  for  full-scale 
engineering  developirient  that  are  applicable  to 
more  than  one  potential  system,  and  for  vfhich 
there  is  a clear  need  and  little  competition. 

Examples  Include  turbine  engines  of  a particular 
thrust  or  power  class,  and  radar  systems  wltl,  a 
particular  resolution  and  range. 

2.  Developing  only  those  systems  that  offer  sig- 
nificant advances  in  desirable  qualities  (ad- 
vancing the  state  of  the  art),  so  that  a program 
manager  would  prefer  not  to  take  the  risk  of 
developing  his  own  subsystem. 

3.  Mandating  the  subsystem's  use  through  the  system 
development  contract  and  through  procurement. 

V/hlle  this  takes  away  som.e  of  the  program  manager's 
autonomy,  by  eliminating  one  of  his  choices,  it 
also  reduces  his  responsibility  for  the  success 

of  the  system^  (This  approach  was  taken  with 
several  subsystems  to  reduce  the  f)rogram  cost  of 
the  B-1. ) 

4.  Providing  the  prime  contractor  with  economic  in- 
centives to  use  available  subsystems  or,  at  least, 
remove  Incentives  to  develop  new  ones. 

b . Subsystem  Target  Parameters  May  be  Poorly  Chosen,  Since 
Using  System  Information  is  Incomplete  at  Time  of  Subsystem 
Design.  This  is  often  cited  as  a major  risk  of  early  develop- 
m.ent . But  there  is  evidence  that  it  is  not  restricted  to  sub- 
systems developed  prior  to  system,  definition.  Moreover,  the 
risk  can  be  made  insubstantial  for  many  kinds  of  subsystems; 
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Even  after  a system  Is  fully  defined,  many 
parameters  are  found  to  be  poorly  chosen. 

Engines,  for  example,  must  often  be  upgraded 
after  field  experience  proves  that  the  aircraft 
are  underpowered.  Mission  requirements  are 
added  or  changed  during,  and  even  after,  develop- 
ment. Hence,  system  definition  does  not  guarantee 
that  the  subsystem  parameters  have  been  well  chosen. 
Flexibility  in  the  design  of  a subsystem,  so  that 
it  can  be  easily  tailored  to  the  needs  of  the  po- 
tential using  system,  will  minimize  this  problem. 

Another  v;ay  to  manimize  the  problem,  is  to  design 
the  subsystem  in  such  a way  that  it  consists  of 
a core  part,  for  use  in  a number  of  application 
modules  that  are  tailored  to  m.eet  specific  system 
requirements.  Developmier.t  and  testing  can  be  car- 
ried out  on  the  core  part  in  full.  Then,  only  the 
application  module  will  have  to  be  designed  and 
tested  when  the  final  system  specification  becomes 
known.  Even  when  such  an  approach  is  infeasible, 
development  and  testing  that  are  done  for  a tenta- 
tive specification  can  save  time  and  m.oney,  when 
the  final  specification  becomies  known  and  the  sub- 
system must  be  reengineered  and  retested.  Existing 
subsystems  that  are  modified  in  this  way  are  likely 
to  provide  reliability  faster  and  at  less  expense 
than  would  be  obtainable  by  com.pletely  developing 
a new  subsystem. 

3.  The  optimization  of  the  using  systemi  should  be  less 
rigid  so  that  it  can  accept  a less  specialized 
subsystem.  A system  development  can  be  severely 
compromised  by  its  dependency  on  the  perforr.ance 
of  a newly  developed  subsystem.  If  a subsystem's 
development  potential  is  not  realized,  it  may  be 
necessary  to  field  the  system,  with  less  than  ade- 
quate performance  in  one  or  more  aspects  of  its 
mission  activity.  If  the  state  of  the  art  is  being 
pushed  in  a number  of  areas,  the  risk  is  compounded 
and  the  chances  of  success  are  greatly  dim.inished. 

Some  retreat  from  the  dem.and  for  extreme  performance 
would  be  helpful  in  reducing  such  risks. 

c . Environment  of  Using  System  is  not  Fully  Known  and , 
Therefore,  Subsystem  Specifications  Cannot  be  Drawn  Up  in  Advance . 
This  may  be  true  of  a system  such  as  SRAM,  which  used  advanced 
technology  and  components  that  did  not  exist  at  the  tim.e  develop- 
ment was  started.  Therefore,  some  aspects  of  the  environment 
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such  as  vibration  and  temperatures  may  not  have  been  known. 
However,  for  many  systems  it  should  be  possible  to  define  the 
environment  in  sufficient  detail  for  subsystem  specification. 
Also,  the  using  system,  can  be  flexible  to  the  exterit  that  it 
could  be  designed  to  provide  a suitable  environment  for  the 
subsyster:..  Thus,  there  is  a tradeoff  between  designing  a sub- 
system. for  the  system  environment  and  designing  the  systemi  to 
provide  a m;Oi‘e  suitable  envlronm.ent  for  the  subsystem,. 

d . An  Early  Deve 1 oped  Subsystem  Will  Depend  on  Older 
Technology.  This  is  obvious  but  necessary  for  long  leadtlm.e 
items,  if  the  systemi  time  to  IOC  will  be  short.  The  fact  that 
technology  is  old  is  Immiaterial.  New'  technology  has  no  value, 
except  in  conferritig  desii-ed  characteristics  on  the  subsysteri 
and  systems  in  whicli  it  is  employed.  Only  where  the  technology 
is  changing  rapidly  is  this  a significant  risk.  In  som.e  tech- 
nologies (e.g.,  avionics)  the  subsystem  can  be  designed  for 
I'orm,  fit,  and  function,  so  tfiat  if  the  technology  should  change 
I'apidly  during  the  development  period,  it  would  be  possible  to 
make  the  change  without  disastei-  occurring  in  the  system  desirn. 
The  result  may  be  a component  or  subsystem  whose  characteristics 
are  not  as  optimized  as  they  otherwise  might  have  been  (e.g., 
heavier,  larger,  m.ore  power  demianding).  But  it  would  not  be 
necessary  to  change  the  basic  system  design  to  incorporate  iiew 
technology.  Avionic  subsystems  seem,  to  be  adaptable  to  form., 
fit,  and  function  design  principles.  But  other  subsyssem.s, 
such  as  engines,  are  not  adaptable  to  such  treatm.ent  because 

of  integration  difficulties. 

e.  Lack  of  Funding.  The  military  budget  is  tight,  and  it 
is  difficult  to  fund  items  that  are  considered  unessential. 
Unfortunately,  early  developments  are  likely  to  fall  in  such  a 
classification,  despite  the  likelihood  that  they  might  result 
in  later  savings.  We  note  that  the  Com.mission  on  Government 
Procurement  as  well  as  the  Congress  of  the  United  States  have 
both  expressed  some  opposition  to  these  kinds  of  developm.ents 


(Refs.  5,  6).  This  opposition  is  of  concern  and  r.ust  be  con- 
sidered, but  it  does  not  affect  the  basic  argun.ents  that  suppoi-t 
the  need  for  these  kinds  of  developments.  The  OMB  has  pro- 
vided the  basis  for  exception  in  Circular  A-1C9  (Ref.  3)- 

f.  Lack  of  Motivation.  It  has  been  arguea  that  people  are 
not  motivated  to  perform  well,  if  they  are  uncertain  about  the 
eventual  utility  of  tbieir  v;ork.  It  is  ha:‘d  to  give  credence  t '• 
this  kind  of  argument,  when  ir.os"^  military  procurement  ccmpetit iot 
prese.nt  this  risk  to  all  the  contenders.  Cne  might  ::.ake  the 
opposite  point  that  the  motivation  to  do  a good  jot  can  be  very 
high,  since  the  better  the  result  the  greater  the  li.-:elincod  tl.ai 
it  will  be  used.  We  regard  this  as  a nonsubstantive  argument 
against  performing  early  development . 
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IV.  GUIDELINES 

In  this  chapter  we  synthesize  the  findings  of  the  case 
studies  (Chapter  II)  and  relate  them  to  the  possible  benefits 
that  might  follow  from  making  one  of  three  decisions: 

1.  Whether  to  undertake  early  developm.ent  of  a subsystem 
(before  the  program  has  been  initiated  and  the  char- 
acteristics of  the  system,  are  scarcely  known) 

2.  Whether  to  develop  a subsystem  independently  of  a 
system,  program 

3.  Whether  to  standardize  a subsystem. 

Suggested  guidelines  to  follow  based  on  each  of  tliese  decisions, 
have  been  developed  and  are  included  here.  Their  application 
in  several  real  cases  is  described  in  the  next  chaptei*. 

A.  RESOLUTION  OF  DEVELOPMENT  PROBLEMS 

In  the  discussion  below,  we  note  the  kinds  of  development 
problems  that  occurred  in  the  various  cases  we  examined.  Then, 
we  indicate  whether  any  of  the  types  of  decisions  noted  above 
might  be  relevant  in  dealing  with  such  problems.  We  believe 
that  most  of  the  problems  discussed  in  this  synthesis  ai'e  more 
generally  found  than  in  the  limited  set  of  cases  we  examined. 

Any  of  these  problems  might  ai  ise  in  future  military  system, 
developments,  and  any  of  the  forms  of  development  or  standard- 
ization might  be  helpful  in  averting  them  as  indicated. 

1.  Poor  reliability  resulting  from  excessive  concur- 
rency between  system  development  and  major  subsystem 
deve lopmen t . 

One  outcome  of  forcing  a system  development  to  be  completed 
In  too  little  time  is  poor  field  reliability.  The  problem  can 
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be  exacerbated  by  the  practice  cf  emphasizing  high  performiance 
at  th.e  expense  of  reliability,  availability  and  miaintainabll- 
Ity  (RAD. 

One  solution  to  this  type  of  problemi  vjould  be  to  delay  the 
IOC  until  the  system,  has  demionstrated  adequate  RAM.  But  this 
is  a solution  that  is  seldom  used  by  the  military  services. 

The  preference  has  been  to  field  the  system  on  tine  and  to 
remove  its  deficiencies  in  the  course  of  operations  through 
Product  Improvemient  Programs  (PIPs).  Sometimes,  this  practice 
is  extremiely  expensive  if  not  disastrous.  The  A-7D,  for  ex- 
am.ple,  has  been  grounded  by  the  Air  Force  for  an  extended  pe- 
riod of  tim.e,  because  of  engine  problem;S  that  were  never  ade- 
quately worked  out  prior  to  IOC. 

We  stress  here  that  excessive  concurrency  is  not  the  only 
cause  of  poor  field  reliability,  and  that  the  various  subsystem, 
development  policies  that  are  the  subject  of  this  study  would 
not  avert  such  problems  by  themselves  in  all  cases.  Neverthe- 
less, it  is  clear  that  the  early  development  of  those  subsystemis 
types  that  are  known  to  have  RAM  problems  would  be  helpful,  by 
reducing  concurrency  and  providing  more  time  to  work  out  dif- 
ficulties through  the  processes  of  TAF  (test,  analyze  and  fix'!. 

Independent  developmient  in  itself  would  not  help,  because 
it  does  not  provide  more  tim.e.  But  using  a standard  subsystemi 
that  m.ight  have  been  developed  earlier  could  be  helpful,  be- 
cause a standard  item's  RAM  can  be  expected  to  be  better  than 
that  of  a newly  developed  item.  However,  in  a climate  of  pro- 
curement, where  new  systems  are  required  to  substantially  out- 
perform old  ones,  the  use  of  standard  subsystem.s  is  severely 
circumscribed . 

2.  Schedule  slippage  of  major  programs  caused  by  inadequate 


or  late  development  of  a pacinq  critical  subsystem. 


mmsm. 


! 
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3.  Unsatisfactory  performanae  of  a major  system  caused 
by  inadequacy  of  an  important  subsystem  (in  an  ex- 
treme case  the  entire  development  may  be  aborted) . 

These  two  problems  are  clearly  Interrelated  and  are  dis- 
cussed together.  The  absence  of  a critical  subsystem  when  it 
is  needed  can  occur,  because  the  required  subsystem  performance 
may  be  beyond  the  dem.oristrated  state  of  the  art  , or  because  the 
state  of  the  art  is  misinterpreted.  Engineering  development  of 
system.s  that  require  advancing  technology  is  risky.  Yet  taking 
such  a risk  may  be  the  only  way  in  which  adequate  perform.ance 
can  be  achieved  to  m.eet  mission  requirements.  This  raises  the 
question  of  whether  hardware  requirem.ents  that  Involve  advanc- 
ing technology  should  be  specified  for  new  system.s.  We  do  net 
examine  this  policy  here,  but  we  attempt  to  indicate  some  of 
the  cost.  Cur  case  studies  Include  system,  development  program.s 
that  were  not  completed  due  to  failure  in  achieving  adequate 
original  estimates,  program.s  that  required  longer  developm^ent 
time  than  was  expected  and  aborted  programs  (in  some  individual 
developments  all  three  occurred).  In  somie  cases,  where 
"successful"  operating  hardv;are  was  eventually  produced,  it  was 
necessary  to  relax  requirements  to  obtain  an  opei’atlng  system.. 

One  way  to  deal  with  this  problem  is  to  restrict  engineer- 
ing development  only  to  the  truly  demonstrated  state  of  the 
art.  If  advances  are  needed  in  a particular  area,  advanced 
development  programs  aimed  at  demonstration  should  be  under- 
taken. The  problem  here,  of  course,  is  that  this  delays  the 
introduction  of  nev/  systems. 

Early  development  offers  a partial  solution  to  this  di- 
lemmia,  but  it  requires  foresight  to  determine  that  a need 
exists.  If  such  a need  can  be  Identified,  ED  of  those  sub- 
syst!_ms  v/hereln  the  requirement  to  advance  the  state  of  the 
art  is  recognized  might  be  undertaken.  If  funding  Is  available. 
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multiple  approaches  might  be  used  to  improve  the  likeilhood  of 
success,  although  multiple  approaches  are  clea:-ly  r.or-f  costly. 

System  development  should  not  be  Initiated  until  advanceu 
state-of-the-art  developments  shov;  substantial  promise  of  luc- 
cess.  If  an  early  development  is  unsuccessful,  another  mear.s 
can  be  tried,  or  at  least  there  will  be  an  indicati-n  ’•hat  sys- 
tem development  should  not  be  initiated.  In  fact,  this  Is 
supposed  to  be  the  function  of  the  concept  vaiidati--n  stage 
follov;lng  the  DSARC  I I'evlew  of  any  m;ajor  program;.  However, 
sometimes,  tiie  pr-essures  of  the  schedule  combined  with  the 
optlm.ism  of  the  program  mianager  I’esult  in  a pi'em^atui'e  approval 
for  full-scale  development,  when  there  miay  still  be  som:e  gaps 
in  the  validation. 

Early  development  cannot  substitute  for  poor  Judgm.ent  or 
overopt  in Isn . It  can  only  Increase  the  likelihood  that  develop 
ment  time  can  be  ai.’anced  sufficiently  to  meet  a goal,  or  alter 
natively  to  provide  a warning  that  such  a goal  may  be  too  ambi- 
tious. A dis.auvar.T  age  of  using  ED  for  this  purpose  is  that 
the  system  v;ill  have  ‘‘C  be  designed  to  use  the  developed  sub- 
system rather  than  an  optiiriumi  subsystem  that  r.lght  have  beer 
, derived  if  the  system:  had  been  n^ore  adequately  defined  before 

the  subsystem,  development  started.  Otherwise,  the  development 
would  be  wasted.  While  in  principle,  overall  optim.lzatlon 
seem.s  desirable,  in  practice  m.ost  mllit?ry  hardware  is  used  in 
a variety  of  ways,  many  of  them  unv'redi  ct  ed . Extreme  optimi- 
zation means  extrem.e  speciallzat  ’ r , thus  limiting  utility  and 
increasing  development  risk,  even  hough  the  system,  m.ight  per- 
form. well  in  the  one  hypothetical  situation  for  which  it  is 
optim.ized.  Moreover,  mission  requirements  are  often  changed, 
thereby  reducing  extrem.e  optimization  to  an  empty  and  perhaps 
counterproductive  exercise.  In  sum.,  ED  offers  a partial  solu- 
tion to  these  two  problems,  but  is  not  a substitute  for  g.ood 
\ Judgment  and  must  be  applied  Judiciously, 
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Independent  development,  since  It  offers  no  time  advan- 
tage, would  not  help  here.  And  standardization  Is  applicable 
only  in  the  sense  that  use  of  a standard  subsystem  could  help 
avert  the  problem,  but  such  a subsystem  is  unlikely  to  provide 
the  necessary  performance. 

4.  Lack  of  aompetition  in  the  military  equipment  market 
oaaura  after  initial  buy.  This  plaaes  the  government 
at  the  mercy  of  the  sole  supplier  and  can  result  in 
excessive  costs. 

6.  Proliferation  occurs  in  subsystems  intended  to  perform 
similar  functions , with  attendant  high  production  costs 
traceable  to  small  volume,  and  with  high  logistics  costs 
traceable  to  noninterchangeability . 

We  have  identified  these  problems  as  subsidiary  ones  that 
may  be  Impacted  upon  by  one  or  more  of  the  proposed  approaches 
to  averting  the  primary  problems  discussed  above.  In  fact,  the 
primary  way  of  maintaining  competition  and  of  reducing  prolif- 
eration of  military  subsystem.s  is  through  standardization. 

This  broadens  the  potential  market  for  an  individual  item  by 
pooling  a num.ber  of  requirements.  And  it  helps  maintain  compe- 
tition by  ensuring  that  all  contractors  are  bidding  to  supply 
the  same  item.  However,  the  standardized  item  m.ay  lim.it  the 
performance  of  the  system,  since  it  is  likely  to  represent  a 
state  of  technology  that  is  earlier  than  one  that  could  be 
available  from  a later  development.  Also,  note  that  a standard 
item,  though  independently  qualified,  may  interact  with  other 
parts  of  the  system  to  cause  unanticipated  system  problem.s. 

Hence,  it  is  clear  that  all  subsystems  should  not  be  standard- 
ized or  independently  developed.  This  is  discussed  further 
under  the  guidelines  below. 

Early  development  can  potentially  contribute  to  reducing 
problems  A and  5 by  providing  subsystems  that  might  be  candi- 
dates for  standardization;  but,  most  commonly,  standardization 
r 

Is  a consequence  of  ID. 
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B.  SUBSYSTEM  DEVELOPMENT  POLICY  GUIDELINES 


1.  Selecting  Candidate  Subsystems  for  Early  Development 


In  Chapter  III  we  presented  major  arguments  for  and  against 
undertaking  early  development  of  long  lead  time  subsystems, 
before  a specific  using  systemi  has  been  defined  In  detail.  The 
arguments  are  summarized  as  follovjs: 


Early  development  runs  a strong  risk  of  Im.properly 
specifying  the  required  systemi  p erformiance , since 
it  must  be  done  in  advance  of  system  definition  and, 
in  fact,  in  advance  of  concept  validation.  However, 
this  risk  is  not  unique  to  early  development.  Even 
when  a great  deal  of  Information  about  a system  is 
available,  the  subsystem  paramietei’s  can  be  pooi‘ly 
chosen . 


• The  system  Itself  rr.ay  never  be  approved,  oi'  even  if 
it  is  approved,  the  program  managei’  may  elect  to 
develop  another  subsystem  rather  than  use  the  devel- 
oped subsystem. 

• Technology  develcpm.ents  may  make  an  early  development 
subsystem  obsolete  before  it  can  be  used.  On  the 
other  hand,  where  technology  seems  mature,  an  early 
development  may  make  available  a long  lead  time  sub- 
system to  avert  a delay  In  IOC.  Through  providing 
more  development  and  testing  opportunity,  early 
development  might  also  produce  a more  mature  sub- 
system and  thereby  reduce  the  need  for  PIPs. 

• Early  development  may  forestall  a premature  system 
development  decision  by  indicating  a risk  that  may 
be  unacceptable. 

In  Section  A of  this  chapter  we  have  discussed  the  ratio- 
nales for  how  Early  Development  might  help  to  avert  the  major 
development  problems  that  occurred  in  the  various  cases  we 
exaiT.ined.  There  is  no  data  base  from  which  these  rationales 
can  be  quantified.  But  we  believe  that  we  have  presented 
enough  Information  to  Justify  the  conclusion  that  ED  of  sub- 
systems should  be  practiced  selectively.  We  believe  that  the 
presented  information  permits  the  specification  of  guidelines 
for  selecting  candidates  for  ED.  Except  for  cost-benefit 
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arguments,  the  following  guidelines  are  qualitative  and  require 
the  exercise  of  mature,  Informed  Judgment  in  their  application 
to  qualify  any  candidate  for  early  development: 

a.  The  subsystem  Is  of  the  type  that  requires  a long 
development  lead  time  relative  to  the  development 
time  of  other  subsystems. 

b.  At  least  one,  and  preferably  several,  potential  user 
systems  are  Identifiable . Note  that  the  detailed 
characteristics  of  the  user  system  may  not  be  known 
at  the  time  that  the  decision  to  develop  the  sub- 
system Is  taken. 

c.  No  subsystem  alternatives  are  available  that  would 
permit  the  system  to  be  cost-effective  in  a minlm.ally 
acceptable  set  of  missions  of  the  type  for  which  the 
system  is  envisioned. 

d.  Integration  will  not  be  a major  problem.  In  other 
words : 

1.  The  subsystem  performance  characteristics  are 
alterable  over  a reasonable  range  without  re- 
quiring major  development  effort;  the  scaling 
laws  governing  changes  In  the  performance  of 
the  subsystem  are  well  understood,  or  can  be 
clarified  during  subsystem  development.  Alter- 
natively, system  requirements  are  of  sufficient 
flexibility  to  accept  the  developed  item. 

2.  The  subsystem  can  be  repackaged  without  miSjor 
development  effort,  allowing  it  to  fit  into  the 
system  without  integration  problems  or  if  such 
repackaging  appears  impossible,  the  system  can 
be  designed  to  accept  the  subsystem. 

3.  The  environment  of  the  using  system  will  not  ad- 
versely affect  the  perform.ance  of  the  subsystem. 

If  the  normal  system,  environment  is  a problem, 

a controlled  environment  for  the  subsystem,  will 
be  available. 

4.  Conversely,  the  environment  generated  by  the  sub- 
system will  have  no  adverse  impact  on  the  system 
or  other  subsystems;  alternatively,  the  environ- 
mental impact  of  the  subsystem  is  controllable 

by  appropriate  packaging. 
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e.  System  obsolescence,  stennning  from  technology  cnanges 
in  trie  subs^/stern  area,  will  not  be  serious  because: 

1.  No  Jevelopmerits  are  in  view  to  obsolete  the  sub- 
system, before  the  system  development  is  started, 
or 

. . "Form,  fit,  and  function"  principles  are  appli- 
cable, or 

Fxpecteu  benefits  in  :he  utility  period  of  the 
subsystem  exceed  the  expected  costs. 

2 .  Selecting  Candidate  Subsystems  for  Independent  Development 

Independent  development  is  generally  undertaken  with  the 
intention  of  developing  a standard  subsystem.  The  guidelines 
for  such  a case  are  stated  under  the  next  category  (Subsection 
3).  Sometimes  ID  is  undertaken  w'ithout  an  intention  to  stan- 
da^dize,  and  the  applicable  guidelines  are  as  fcllovrs; 

a.  More  than  one  potential  using  system,  including  retro- 
fits, is  identifiable. 

b.  Integration  will  not  be  a major  problem..  In  other 
words : 

2 . Subsystemi  performance  characteristics  are  alter- 
able over  a reasonable  range,  without  requiring 
major  development  effort;  the  scaling  laws  govern- 
ing changes  in  the  performance  of  the  subsystems 
are  well  understood,  or  can  be  clarified  during 
subsystem  development.  Alternatively,  system 
requirements  are  of  sufficient  flexibility  to 
accept  the  developed  item. 

2.  The  subsystem  can  be  repackaged  without  miajor 
devejopmient  effort  allowing  it  to  be  fitted  into 
the  system  without  integration  problems.  If  such 
repackaging  appears  impossible,  the  system  can  be 
designed  to  accept  the  subsys'.,em. 

3.  The  environment  of  the  using  systemi  will  not  ad- 
versely affect  the  performance  of  the  subsystem. 

If  the  norm.al  systemi  environ.ment  is  a problem,  a 
controlled  environment  for  the  subsystemi  will  be 
available . 
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4.  Conversely,  the  environment  generated  by  the  sub- 
system will  have  no  adverse  Impact  on  the  system 
or  other  subsystems;  alternatively,  the  environ- 
mental Impact  of  the  subsystem  Is  controllable  by 
appropriate  packaging. 

c.  Subsystem  design  parameters  are  adequately  specified. 

In  other  words: 

1.  System  design  Is  complete  enough  to  specify  the  ** 

subsystem,  or 

2.  System  will  be  designed  around  the  characteristics 
of  the  subsystem,  or 

3.  Subsystem  Is  part  of  a family,  whose  characteris- 
tics span  the  expected  system  requirements. 

d.  No  subsystem  alternatives  are  available  that  would  1 

permit  the  system  to  be  cost-effective  In  a m.lnlmally  . 

acceptable  set  of  missions  of  the  type  for  which  the 

system  Is  envisioned. 

3 . Selecting  Candidate  Subsystems  for  Standardization 

In  paragraph  A of  this  chapter,  we  have  Indicated  how 
standardization  might  help  overcome  problems  caused  by  unsatis- 
factory subsystem  performance  or  proliferation  of  subsystem 
types.  Without  a quantified  data  base,  we  conclude  that  stan- 
dardization of  major  subsystems  should  be  practiced  selectively. 

The  guidelines  for  such  selection  follow. 

To  be  a candidate  for  Independent  development  and  stan- 
dardization, a subsystem  must  satisfy  the  following  conditions: 

a.  More  than  one  potential  using  system  (Including  retro- 
fits) Is  Identifiable. 

I 

b.  Subsystem  technology  Is  mature  and  well  In  hand. 

c.  The  potential  market  is  large  enough.  In  other  words:  ; 

1.  The  market  may  be  only  large  enough  to  support  a 

single  supplier  for  several  years.  Independent  ‘ 

development  and  standardization  are  then  appropri- 
ate, only  If  future  prices  can  be  adequately  pro- 
tected by  devices  such  as  a long-term  pricing 
agreement . 

’ 
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2.  The  potential  market  may  be  large  enough  to  sup- 
port two  or  more  suppliers.  Independent  develop- 
ment and  standardization  may  then  be  appi-opr'iate , 
provided  that  suitable  steps  (e.g.,  form,  fit,  and 
function  standardization)  are  planned  to  ensur'e 
continuing  competition. 

The  projected  overall  benefits  of  standardization  ex- 
ceed its  disadvantages: 

1.  Whenever  feasible,  the  cost-benefit  analysis  should 
include  a comparative  (but  not  necessarily  an  abso- 
lute) life  cycle  cost  (LCC)  analysis  of  standard- 
ized and  nonstandardlzed  equipment,  including  RAM 
and  logistics.  The  maintenance  concept  must  be 
sufficiently  well  defined  to  pei'mit  deterir.lnac ion 
of  costs  and  required  configuration  control.  In 
other  words,  if  contractor  repair  is  contemplated, 
form,  fit  and  function  standardization  is  adequate. 
If  service  repair  is  envisaged,  detailed  configu- 
ration control  inside  the  repairable  module  is 
needed . 


If  the  LCC  cannot  be  reliably  estimated,  the  cost- 


benefit  study  should  atten.pt  to 
several  years  into  the  future, 
cost  of  reliability  Improvement 
other  applicable  technique  as  a 
The  maintenance  concept  must  be 
for  a meaningful  result . 


look  at  leas^ 

It  should  use  the 
warranties  or  any 
proxy  for  LCC. 
adequately  defined 


3.  V/here  a cost  advantage  cannot  be  found,  the  advan- 
tage that  might  be  obtainea  from  the  potential  of 
a more  attractive  set  of  procurement  policies 
should  be  considered.  An  example  is  the  continu- 
ation of  competition  after  deployment  through  split 
buys.  To  be  valid,  the  analysis  must  account  for 
tiie  maintenance  concept  and  the  required  configu- 
ration control. 


Integration  will  not  be  a major  problem.  In  other 
'words : 

1.  The  subsystem  can  be  repackaged  without  major 
development  effort,  allowing  it  to  fit  into  the 
system  without  Integration  problems.  If  such 
repackaging  appears  impossible,  the  system  can 
be  designed  without  difficulty  to  accept  the 
subsystem, . 


2.  The  environment  of  the  using  system  will  not  ad- 
versely affect  the  performance  of  the  subsystem. 

If  the  normal  system  environment  is  a pi’oblem,  a 
controlled  environment  for  the  subsystem,  will  be 
available . 

3.  Convei-sely,  the  environment  generated  by  the  sub- 
system will  have  no  adverse  impact  on  the  system, 
or  other  subsystems;  alternatively,  the  envlron- 
m.ental  impact  of  the  subsystem  is  controllable 

by  appropriate  packaging. 

C.  ENHANCING  THE  PROBABILITY  THAT  A SUBSYSTEM  WILL  BE  USED 

The  fact  that  a subsystem  has  been  developed  does  not  r.ean 
that  it  will  get  used;  however,  some  strategies  do  exist  for 
improving  the  likelihood  that  the  developed  subsystem  will  get 
used ; 

1.  Mandate  the  use  of  the  subsystem  through  tlie  system, 
contract,  or  through  rulings  of  the  Secretary  of 
Defense  or  the  Secretaries  of  the  Military  Services. 

2.  Persuade  the  program  mianager,  through  whatever  m.eans 
are  available,  that  he  should  accept  the  developed 
subsystem . 

3.  Provide  economic  incentives  to  the  prim.e  contractor 
to  use  the  developed  subsystem  (or  disincentives  to 
develop  a new  subsystem.)  . 

4.  Reduce  the  level  of  system  optim.izat  ion  and  performance 
extremes  (design  to  cost). 

5.  Emphasize  RAM,  development  cost,  and  low  risk  in  the 
system  specification. 


V.  APPLICATION  OF  GUIDELINES  TO  POTENTIAL  PROCUREMENTS 


MOTE:  This  chapter  describes  situations  as 

they  were  perceived  by  IDA  at  the  time  of 
writing  this  report.  During  the  course  of 
this  research  project,  some  of  these  programs 
changed  in  significant  ways.  Hence,  the 
facts  as  well  as  the  conclusions  relating  to 
specific  systems  may  no  longer  be  relevant. 
Nevertheless  we  stress  the  purpose  of  this 
chapter,  which  is  to  illustrate  the  m.ethod  of 
using  the  guidelines  and  not  to  present  an 
assessment  of  these  programs. 
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A.  STANDARDIZATION  OF  INERTIAL  NAVIGATION  SYSTEMS  (INS) 

1 . Introduction 

The  Aeronautical  Systemis  Division  (ASD/RW)  at  Wright- 
Patterson  AFB  is  currently  working  on  the  problemi  of  standard- 
izing inertial  navigation  systems.  ASD  is  assisted  in  this 
endeavor  by  its  contractor,  ARINC  Research  Corporation. 

The  Air  Force  is  studying  the  use  of  an  "ARINC  character- 
istic" for  the  INS  procurement.  Unlike  a military  specifica- 
tion, an  ARINC  characteristic  is  evolved  from  forums  attended 
by  the  users  and  producers.  One  of  the  major  objectives  of  such 
a characteristic  is  to  open  up  the  market  for  competition,  by 
making  it  possible  for  any  producer  to  qualify  his  wares  accord- 
ing to  the  characteristic  and  then  sell  them  to  interested 
parties.  In  the  case  of  the  Air  Force,  the  purpose  is  to  estab- 
lish a specification  for  an  INS  that  will  be  useful  across  a 
variety  of  aircraft  types  for  an  indefinite  time.  To  allow  the 
designs  to  take  advantage  of  technology  advances,  the  charac- 
teristic employs  an  approach  known  as  "form,  fit,  function"; 
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that  Is,  It  specifies  the  Input,  output,  external  shape  and  sloe, 
and  the  environmental  conditions,  but  it  leaves  the  Internal 
structure  of  each  module  unspecified. 

2.  INS  Market 

ARINC  has  performed  a market  analysis  foi’  inertial  navi- 
gation systems.  The  lIJS  quarterly  buys  are  listed  in  Fip.  2. 
Figure  2 however,  does  not  include  all  possible  buys  The  total 
USAF  market  might  include  buys  for  the  A-iC,  and  new  versions  of 
the  F-I5.  The  number  of  units  procured  thru  I985  then  miight  be 
as  high  as  ^000.  (Ref.  11).  While  this  is  a large  m.arket  for 
INS,  realistic  competition  must  be  maintained.  If  only  one 
vendor  is  available,  then  competition  disappears  and  standardiza- 
tion becomes  a rather  limited  concept,  namely,  one-company 
standardization.  One  problem  now  facing  ASD/RW  is  reflected  in 
the  following  discussion. 

A large  part  of  the  market  for  INS  is  in  the  F-I6  aircraft; 
an  ongoing  program.  The  USAF  Systems  Projects  Office  for  the 
F-I6,  and  General  Dynamics,  have  picked  the  Singer-Kearfott 
Division  as  their  Inertial  supplier  for  the  F-I6.  The  inertial 
unit  is  the  SKN-2^00 . Because  the  F-I6  is  on  a tight  schedule, 
it  will  be  necessary  to  buy  the  first  two  lots  (lot  1,  3^  units; 
lot  2,  112  units)  from  Singer-Kearfott,  before  their  competitors, 
can  modify  and  qualify  a suitable  unit.  This  means  that  Singer- 
Kearfott  may  have  an  opportunity  to  benefit  from  a learning 
curve,  before  another  supplier  can  get  into  production.  There 
is  also  a further  problem  peculiar  to  the  F-I6  and  Its  equip- 
ment. Because  coproduction  was  agreed  to  by  the  United  States 
for  the  F-I6,  Norway  v;il2  be  building  70%  of  the  electronics 
and  assembling  and  testing  37% ■ Only  one  firm  in  Norway  is 
capable  of  producing  such  high-technology  equipment . This  firm 
v/lll  not  find  it  advantageous  to  work  with  two  prime  contrac- 
tors, each  of  which  will  need  only  half  the  volume  required  for 
the  F-I6,  since  it  eliminates  any  chance  of  achieving  economies 
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FIGURE  2.  Most  Probable  INS  Procurements,  Source:  ARINC,  1976. 

(in  units  per  quarter) 


of  a scale  attainable  with  a sinple  prime  conti-actoi* . Thus,  the 
coproduction  requii'ement  Incr'eases  the  problem  of  creating  com- 
petition on  the  F-lC.  And  without  the  F-l6  INS  contract,  the 
market  may  not  be  attractive  enough  for  other  producers  to  invest 
In  modifying  and  qualifying  a unit. 

Another  INS  program  has  been  initiated  by  the  Warner- 
Robblns  Air  Logistics  Center  by  its  award  of  a contr'act  to  the 
Delco  Electronics  Division  of  General  Motors.  Such  a contract 
could  result  in  a multimillion  dollar  program  to  outfit  the  Air 
Force's  C-l4l,  KC-135,  and  C-135  fleets  with  the  Carousel  IV 
INS,  (a  version  of  the  INS  now  being  used  by  the  commercial  car- 
rier) rather  than  with  the  standardized  (by  the  Air  Force)  INS. 
The  Initial  contract  calls  for  prototyping,  installing,  and 
flight  testing  dual  Carousel  IV  systems  in  one  C-lAl  aircraft. 

It  also  Includes  options  for  the  production  of  dual  systems, 
plus  spares  for  the  Military  Airlift  Command  fleet  of  275 
C-li*ls,  as  well  as  other  options  to  provide  single  Carousel 
systems  for  an  additional  739  Strategic  Air  Command  KC-135 
tankers  and  other  C-135  transports.  The  primiary  purpose  of 
this  contract  is  to  provide  military  transports  with  suffi- 
ciently accurate  navigation  capability  to  satisfy  FAA  require- 
ments for  flight  in  controlled  airspace  across  the  Atlantic 
Ocean,  a capability  not  currently  possessed.  If  this  program 
is  successful , a large  part  of  the  market  for  the  ARINC  stan- 
dard INS  will  be  satisfied.  However,  it  is  our  understanding 
that  the  Delco  units  will  m.eet  the  commei’cial  aircraft  INS 
specification  (No.  561),  so  to  that  extent  at  least  the  trans- 
port units  will  be  standardised.  There  is  some  possibility 
that  the  units  rr.ay  also  be  designed  to  meet  the  forthcoming 
ARINC  military  specification,  but  this  is  yet  to  be  decided 
by  Delco  after  the  ARINC  open  forum  process  is  completed. 

3 . Progress 

A stravmnan  INS  characteristic  has  teen  drafted  by  ARINC, 
distributed  to  Ind.ustry,  and  discussed  at  length  in  several 
forums  attended  by  I'epresentat ives  of  Industry  and  government. 

R4 


The  strategy  being  employed  by  ASD/RW  Is  Interesting,  and 
it  may  provide  a useful  guideline  for  ether  standardization 
efforts.  The  Air  Force  is  considering  Instituting  ''split  buys" 
of  the  standardized  systems.  These  are  buys  that  are  spread 
out  over  a substantial  period  and  are  av/arded  periodically  v.'ith 
full  recognition  of  the  vendor's  perforr.ance  during  the  preceding 
buys.  This  practice  can  generate  Intense  and  continuing  com- 
petition reminiscent  of  the  situation  in  the  cor.miercial  airline 
equipment  market.  It  is  unlike  the  usual  m.ilitary  approach  of 
the  large  single  buy,  which  may  spell  the  end  of  all  competition 
and  result  in  the  complete  dependence  of  the  governm;ent  on  the 
sole  supplier.  The  approach  already  seems  to  be  having  an  imipact 
since  the  bid  prices  of  proposed  units  are  now  under  $60,D00  in 
comparison  to  $100,000  in  previous  Air  Force  buys  (h’  f.  11). 

A careful  study  has  been  made  by  ARINC  of  the  advantages 
and  disadvantages  of  standardization.  But  a complete  LCC 
analysis  has  net  proven  feasible,  largely  because  adequate  cost 
data  have  not  been  available,  particularly  for  the  operation 
and  m.aintenance  phase.  ARINC  has  been  able  to  compare  acquisi- 
tion costs  for  two  different  alternatives  and  also  to  ccm.pute 
long-term  warranty  costs  for  several  alternatives.  Using  the 
reliability  Improvement  warranty  (RIVI)  concept,  they  have  been 
able  to  look  ahead  for  three  to  four  years  under  RIV/,  followed 
by  three  to  four  years  under  a warranty  follow-on  option.  Since 
fleet  installation  takes  about  two  to  three  years,  this  adds  up 
to  eight  to  eleven  years.  ARINC  has  also  done  parametric 
analyses  of  procurem.ent  costs  plus  installation  costs;  thus.  It 
was  able  to  outline  the  conditions  under  v/hlch  a split-buy 
strategy  would  have  economic  advantages.  It  is  important  to 
rote  that  such  model  studies  did  indeed  give  useful  guidance 
for  procurement  policies  and  actions,  even  though  the  LCC  cal- 
culation was  not  realistically  possible. 


Another  issue  that  the  ARINC  standardization  program  raises 

< is  the  cost  of  providing  unused  capability.  If  the  standard  INS 
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has  a forr;,  fit,  and  function  specif ication  it  will  have  an 
identical  set  of  input  and  output  functions.  For  example,  the 
C-1^1  requires  a special  display  drive;  the  F-l6  does  not. 

Other  aircraft  may  require  updates  from  doppler  or  a satellite 
positioning  system.  Since  the  standard  unit  will  be  used  in 
different  types  of  aircraft,  not  all  the  Inputs  and  outputs 
will  be  used  in  each  application.  Thus  each  unit  may  have 
additional  Investm.ent  and  operating  costs  over  v.'hat  it  would 
have  it  if  it  were  tailored  for  each  aircraft  type.  These 
additional  costs  m.ay  be  offset  by  savings  due  to  identical 
servicing  requirements  and  complete  interchangeability.  .fncther 
vmy  to  resolve  this  problem  is  to  use  a modular  design  that 
v/ould  permit  the  subsystem  to  be  tailored  for  each  application 
through  plug-in  units. 

^ • Application  of  Proposed  Guidelines 

We  examine  here  the  utility  of  the  proposed  guidelines 
on  standardization  (Section  B.3,  Chaper  IV)  by  applying  them, 
to  the  ongoing  Air  Force  effort  to  standardize  the  IWS. 

Guide! i ne 

a.  Move  than  one  potential  using  system,  including  retro- 
fits, is  identifiable . 

Comment 

This  condition  has  been  miet,  since  the  using  subsystems 
(i.e.,  the  F-16,  A-10,  KC-135,  C-lAl,  AMST,  and  other 
planes)  have  been  identified. 

Guide!  i n e 


f h.  Subsystem  technology  is  mature  and  well  in  hand. 

f Comment 

j ..  This  condition  is  being  met.  The  proposal  is  to  standardize 

the  m.ature  technology  of  the  SKV-2A0C,  not  the  less  mature 
*■0  technologies  of  Micron,  GEAIi.'’ , oi-  the  laser  gyro. 
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Guide! i n e 


y^e  pote':*^ui.  market  is  large  enough; 

2.  The  market  may  be  only  large  enough  to  support  a 
single  supplier  for  several  years.  Independent 
development  and  standardization  are  then  appropriate, 
only  if  future  prices  can  be  adequatel y protected 
by  devices  such  as  a long-term  pricing  agreement . 


Comment 


A long-term  contract,  guaranteeing  availability  of  the 
SKN-2400  at  a fixed  price,  is  under  consideration.  Thus, 
this  condition  is  being  met. 


Guide! i n e 


2.  The  potential  m.arket  may  be  large  enough  to  support 
two  or  more  suppliers . Independent  development 
and  standardization  may  then  be  appropriate , pro- 
vided that  suitable  steps  (e.g.,  form,  fit,  and 
function  standardization)  are  planned  to  insure 
continuing  competition . 


Comment 


The  potential  market  here  is  large  enough  to  support  two 
or  more  suppliers  over  a period  of  several  years;  however, 
the  timing  of  the  projected  buys  is  such  that  one  supplier 
could  get  a commanding  position  in  the  market  through 
production  experience,  well  before  another  supplier  can 
establish  itself.  On  the  other  hand,  a second  supplier, 
by  repackaging  its  IIIS  to  meet  the  ARINC  characteristic, 
could  be  an  Important  source  of  competition.  Consequently, 
the  conditions  of  this  guideline  are  being  met. 


Guide! i n e 


d.  The  projected  overall  benefits  of  standardization 
exceed  its  disadvantaae s : 


h 


1.  Whenever  feasible , the  cost-benefit  analysis  should 
include  a comparative  (but  not  necessarily  an 
absolute ) life  cycle  cost  (LCC)  analysis  of  stand- 
ardized and  nonstandardized  equipment,  including 
RAM  and  logistics . The  maintenance  concept  must 

be  sufficiently  well  defined  to  permit  determina- 
tion of  costs  and  required  configuration  control,  in 
other  words , if  contractor  repair  is  contemplated , 
form,  fit,  and  function  standardization  is  adequate. 

But  if  service  repair  is  envisaged , detailed  config- 
uration control  inside  the  repairable  module  is  needed. 

Comment 

A complete  life  cycle  cost  analysis  has  not  proven  feasible. 
Thus,  the  conditions  for  this  alternative  guideline  are  not 
satisfied . 

Guideline 

2.  Where  LCC  cannot  he  reliably  estimated,  the  cost- 
benefit  stu  'j  should  attempt  to  look  at  least  several 
years  into  the  future,  using  the  cost  of  reliability 
improvement  warranties  or  any  other  applicable  tech- 
nique as  a proxy  for  LCC.  The  maintenance  concept 
must  be  adequately  defined  for  a meaningful  result. 

Comment 

Extensive  studies  of  reliability  improvement  warranties 
(RIW)  have  been  undertaken,  mainly  by  ARTMC . Contractor 
maintenance,  either  at  depot  level  or  (for  the  C-l^il)  at 
the  Intermediate  level,  is  envisaged.  In  the  case  of  the 
C-l^tl,  only  one  contractor  is  envisaged.  He  would  be  free 
to  modify  the  individual  modules  as  long  as  the  form,  fit, 
and  function  standardization  remains  intact.  Moreover, 
the  contract  requires  him  to  bring  all  functioning  INS 

equipment  to  a single  configuration,  when  the  Air  Force 
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decides  to  switch  to  organic  maintenance.  Thus,  this 
guideline  Is  being  followed. 

Guide! 1 n e 

3.  Where  a cost  advantage  cannot  be  found,  the  advan- 
tage that  night  be  obtained  from  the  potential  of 
a more  attractive  set  of  procurement  policies  should 
be  considered.  An  example  is  the  continuation  of 
competition  after  deployment  through  split  buys. 

To  be  valid,  the  analysis  must  account  for  the 
m.aintenance  concept  and  the  required  configuration 
control. 

Comment 

ARIMC  has  performed  a number  of  model  studies  of  the  effects 
of  such  procurement  policies,  as  the  continuation  of  split 
buys  after  deployment.  Thus,  this  guideline  is  being 
followed . 

Guide!  i n e 

e.  Integration  will  not  be  a major  problem.  In  other  words 

1.  The  subsystem  can  be  repackaged  without  m.ajor 
development  effort,  allowing  it  to  fit  into  the 
system  without  integration  problem, s . If  such 
repackaging  is  not  possible , the  system  can  be 
designed  without  difficulty  to  accept  the  subsystem. 

Comment 

System  Integration  problems  are  to  be  explored  for  the  Air 
Force,  In  connection  with  the  INS,  under  the  next  phase  of 
the  contract  with  ARIIIC.  There  Is  the  possibility  of  using 
several  different  options  within  the  same  box,  versus  the 
possibility  of  using  separate  boxes.  Moreover,  the  need 
for  a vertical  channel  is  paramount  on  a fighter  plane  or 
a cargo  plane  with  precision  airdrop  capability,  but  It  Is 
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supei'fluous  on  other  planes.  All  these  Issues  must  be 
resolved,  and  they  are  to  be  studied.  Other  more  severe 
forms  of  lntei’'.rat ion  difficulties,  in  which  the  plane  inter- 
feres with  the  function  of  tlie  INS,  are  not  e.xpected.  It 
is  our  Judgment  that  the  problems  noted  above  will  be 
favorably  resolved;  therefore  the  guideline  is  being 
followed . 

Guide!  i n e 

2.  The  envivonrr.er.t  of  the  using  system  will  not 

adversely  affect  the  performance  of  the  subsystem. 

If  the  normal  system  environment  is  a problem,  a 
controlled  environment  for'  the  subsystem  will  be 
avai lable. 

2.  Conversely , the  environment  generated  by  the  sub- 
system will  have  no  adverse  impact  on  the  system 
or  other  subsystems ; alternatively , the  envirc'.- 
miental  impact  cf  the  subsystem  is  cont  r 'd  ' al  I e 
by  appropriate  packaging. 

Comment 

Environmental  problems  are  not  expected  to  arise  'with 
respect  to  the  IhS;  consequently,  the  conditions  that 
satisfy  this  are  considered  fulfilled. 

5 . Conclusions 

Since  all  the  guidelines  are  being  followed  (with  the 
possible  exception  of  e.l. — packaging — which  is  being  investi- 
gated) the  standardization  program  that  ASD/RW  has  initiated 
should  be  pursued.  The  potential  market  is  large  enough  even 
though  part  of  it  will  be  satisfied  by  the  selection  of  Carousel 
TV  ins  units  for  the  Air  Fox'ce  transports.  Moreover,  there  is 
some  possibility  that  the  Carousel  TV  IMS,  through  repackaging, 
could  be  made  te  mee*  the  forthcoming  ARI.'iC  standard  thereby 
providing  another  po’ ent ir.l  IMS  supplier  for  fighter  and  attack 
aircraft . 
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j B.  STANDARD  AIRBORNE  COMPUTER 

' 1 . I n troduct i on 

1 

The  avionics  division  at  Naval  Air  Systems  Corr.ir.and  (N'AVATR) 
develops  and  provides  various  equipment  to  NAVAIR  proiect  m.an- 
agers.  At  present,  its  funding  comes  entirely  from*  program 
managers.  Accordingly,  its  initiatives  are  constrained  to  be 
brief  and  very  specific. 

The  director  of  the  avionics  division  is  trying  to  obtain 
funding  as  a line  item  in  the  6.^  budget,  to  be  called  Avionics 
Components  and  Subsystems.  If  successful,  this  would  provide 
him  with  greater  flexibility  and  enable  him  to  develop  a broader 
range  of  equipment  for  standard  use. 

Currently,  the  avionics  division  is  developing  the  AN/AYK-14 
as  a standard  airborne  computer  under  funding  from  the  project 
managers  for  the  P-l8  and  Light  Airborne  Mobile  Platform  System. 
(LAMPS)  Mk  III.  The  decision  to  provide  such  funding  v;as  made 
by  the  Commander,  NAVAIR,  supported  by  the  Assistant  Secretary 
of  the  Navy  (R&D).  The  overall  Navy  m.arket  has  been  surveryed. 

It  is  estimated  that  6000  such  computers  vjill  be  required  in 

1982. 

^ Under  the  present  procurement  strategy,  a single  contractor 

will  provide  the  Initial  engineering  model,  a production  data 
package,  and  options  for  production  copies,  priced  in  FY-77. 

Then,  a second  source  will  be  given  the  production  data  package 
and  will  be  required  to  build  to  perforriance  specifications. 

There  are  now  about  20  different  comiputers  in  the  naval  aviation 
inventory  of  contractor  furnished  equipment  (CFE).  They  have 
different  word  lengths,  different  languages,  different  spare 
parts,  and  different  maintenance  requirements.  Thus  intuitively, 
one  concludes  that  the  standardization  will  be  beneficial  from, 
a cost  point  of  view.  This  conclusion,  however,  is  tempered  by 
the  possibility  that  competition  may  be  lim.lted  because  of  the 
procuremient  conditions.  The  present  solicitation  for  the  computer 
i 
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calls  for  an  emulation  of  the  UYK-20  shipboard  computer  so  as 
to  have  a minimal  Impact  on  existing  software.  However,  the 
F-l8  prime  contractor  has  indicated  that  the  combination  of 
required  softwar'e,  lack  of  floating  point  capability,  memory 
capacity,  and  base  addressing  capability  will  not  be  satis- 
factory for  the  aircraft  needs.  In  addition  only  one  company 
supplies  and  supports  the  UYK-20.  Either  more  memiory  or  a more- 
efficient  miachine  language  is  necessary.  Due  to  limitations 
of  the  computer  physical  envelope  there  is  some  doubt  that  the 
additional  capacity  can  be  included.  Moreover,  the  potential 
for  upgrading  the  comiputer  for  technology  advances  such  as 
"double  density"  memory  m.odules  would  be  severely  limited.  Thus 
a m.ajor  reason  (existing  software  and  support)  for  specifying 
that  the  new  computer  should  emulate  the  UYK-20  may  be  nullified. 

2 . Application  of  Proposed  Guidelines 

G u i d e 1 i n e 

a.  More  than  one  potential  using  system,  including  retro- 
fits, is  identifiable . 

Comment 

This  condition  is  being  m^et  , because  it  is  already  planned 
foi‘  the  F-l8  and  LAMPS  Mk  III  to  use  the  comiputer;  also, 
HARM,  and  several  other  miaj  or  programs  have  been  identified 
in  the  miarket  survey. 

Guide!  i n e 

b.  Subsystem  technology  is  mature  and  well  iu  hand. 

Comment 

The  use  of  a mature  LSI  technology  and  existing  softv;are 
is  planned.  Thus,  this  guideline  is  being  followed.  How- 
ever, there  is  some  question  that  the  resulting  computer 
will  be  satisfactory  for  the  F-l8. 
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G u i d e 1 i n e 


a.  The  potential  market  is  large  enough.  In  other  words: 

1.  The  m.arket  may  be  only  large  enough  to  support  a 
single  supplier  for  several  years.  Independent 
development  and  standardization  are  then  appro- 
priate, only  if  future  prices  can  be  adequately 
protected  by  devices  such  as  a long-term  pricing 
agreement . 

2.  The  potential  market  may  be  large  enough  to  support 
two  or  more  suppliers.  Independent  development 
and  standardization  may  then  be  appropriate , pro- 
vided that  suitable  steps  (e.g.,  form,  fit,  and 
function  standardization)  are  planned  to  insure 
continuing  competition. 

Comment 

The  market  has  been  surveyed  and  found  large  enough  (6000 
computers  by  1982,  or  $l80-$2^0  million)  to  support  two 
or  more  suppliers.  Standardization  at  the  card  level,  and 
the  decision  to  "second-source",  may  provide  comipetition, 
but  the  present  solicitation  tends  to  heavily  favor  only 
one  contractor.  This  guideline  may  not  be  followed  under 
the  present  solicitation. 

Guide! 1 n e 

d.  The  projected  overall  benefits  of  standardization 

exceed  its  disadvantages: 

1.  Whenever  feasible,  the  cost-benefit  analysis 

should  include  a comparative  (but  not  necessarily 
an  absolute)  life  cycle  cost  (ICC)  analysis  of 
sta;tdardized  and  nonstandardized  equipment  includ- 
ing RAM  and  logistics . The  maintenance  concept 
must  be  sufficiently  well  defined  to  permit  deter- 
mination of  costs  and  required  configuration 
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control , in  other  words , if  contractor  repair  is 
contemplated,  form,  jit,  and  function  standardiza- 
tion is  adequate . If  service  repair  is  envisaged, 
detailed  configuration  control  inside  the  repairable 
module  is  needed. 

2.  Where  LCC  cannot  be  reliably  estimated,  the  cost 
benefit  study  should  attempt  to  look  at  least 
several  years  into  the  future.  It  should  use  the 
cost  of  reliability  assurance  warranties  or  any 
other  applicable  technique  as  a proxy  of  LCC.  The 
maintenance  concept  i^.ust  he  adequately  defined  for 
a meaningful  result. 

3.  Where  a cost  advantage  cannot  he  found,  the  advan- 
tage that  might  be  obtained,  from  the  i otential  of 
a more  attractive  set  of  procurement  policies 
should  be  considered.  ,^n  example  is  the  continua- 
tior.  of  com.petition  after  devloym.ent  through  split 
buys.  To  be  valid,  the  analysis  must  account  for 
the  maintenance  concept  and  the  required,  configura- 
tion control. 

Comment 

The  cost-benefit  assessment  has  been  only  intuitive  here, 
but  it  appears  reasonable.  The  use  of  reliability  assurance- 
warranty  is  contemplated.  Hov;ever  the  problem  of  a second 
source  supplier  is  not  resolved.  Thus  this  guideline  may 
not  be  followed. 

Guide! i n e 

e.  Integration  will  not  be  a major  problem.  In  other  words 

1.  The  subsystem  can  be  repackaged  without  m.ajor 
development  effort,  allowing  it  to  fit  into  the 
system,  without  integration  problems . If  such 
repackaging  appears  impossible , the  system,  can  be 
designed  without  difficulty  to  accept  the  subsystem.. 
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2.  The  environment  of  the  using  system,  will  not  ad- 
versely affect  the  performance  of  the  subsystem. 

If  the  normal  system  environment  is  a problem , a 
controlled  environment  for  the  subsystem  will  be 
avai  lable. 

3.  Conversely , the  environment  generated  by  the  sub- 
system will  have  no  adverse  impact  on  the  system 
or  other  subsystems;  alternatively , the  environ- 
mental imipact  of  the  subsystem  is  controllable  by 
appropriate  packaging . 

Comment 

The  conditions  for  this  guideline  do  not  seem  to  be  met  at 
least  for  the  P-l8,  v;hich  is  currently  the  prlm.ary  user 
system.  This  stems  from  the  use  of  inefficient  software 
and  space  limitations  in  the  computer  box.  This  problem 
must  be  corrected  before  the  conditions  of  this  guideline 
can  be  considered  to  be  met. 

Overal 1 Comment 

Although  standardization  of  an  airborne  computer  intuitively 
seems  desirable,  this  particular  standardization  program, 
seem.s  to  have  some  problems  created  by  the  details  of  the 
solicitation.  In  its  present  state  it  does  not  follow  the 
guideline  that  assures  control  of  costs  through  competition 
or  pricing  strategy,  the  guideline  that  assures  Integration 
with  the  using  system,  and  the  cost-benefit  guideline. 

Until  these  issues  are  resolved  this  standardization  pro- 
gram does  not  appear  to  be  Justified. 

C.  NAVAIR  PROPOSAL  FOR  A NEW  TURBOSHAFT  ENGINE 

The  Office  of  Propulsion,  Naval  Air  Systems  Command  (NAVAIR), 
is  considering  the  developm.ent  of  a new  turboshaft  engine  with 
a power  rating  of  2200  horsepower.  One  potential  user  system 
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is  in  engineering  development,  two  are  in  advanced  development, 
and  one  is  in  the  conceptual  stage.  In  addition,  there  are  two 
possibilities  for  retrofit.  Therefore,  this  proposed  develop- 
ment can  be  categorized  as  either  early  development  or  indepen- 
dent development.  This  provides  an  opportunity  to  examine  the 
proposed  development  under  two  separate  sets  of  guidelines. 

1 . Potential  Users  of  a New  Engine 

The  Army  is  developing  a helicopter  knovs'n  as  the  Utility 
Tactical  Transport  Aircraft  .System.  (UTTAS)  and  an  Adva.nced 
Attack  Helicopter  (AAH).  The  UTTAS  has  passed  through  the 
BSA.RC  II  reviev/,  and  two  contractors  are  competing  for  the 
engineering  development  contract.  The  AAH  has  passed  the  DSAP.C 
^ I reviev;  and  is  scheduled  for  the  D3ARC  II  shortly.  Two  con- 

tractors are  also  competing  for  the  AAK.  Both  of  these  aircraft 
are  powered  by  a common  engine,  a prototype  of  the  T-700,  which 
is  a curr’ent  technology  engine  rated  at  1536  horsepower  (Ref.  12). 
The  T-700  is  in  its  final  qualification  testing,  and  prototypes 
of  the  engine  are  already  being  operated  or.  the  UTTAS  and  AAH 
flying  prototype  aircraft. 

The  Navy  is  planning  to  develop  a Light  Airborne  Nobile 
Platform  System  (LAMPS).  The  LAMPS,  which  has  been  through  the 
DSARC  I review  and  is  close  to  DSARC  II,  would  use  the  same 
airframe  as  that  of  the  UTTAS;  it  is  expected  that  at  least  the 
first  buys  of  LAMPS  w'ould  be  powered  by  the  T-700  engir.e. 

There  is  a fourth  potential  helicopter  developm.ent , the 
Marine  Corps  H.XM,  v/hlch  has  not  had  a DSARC  I reviev;  yet.  The 
present  concept  of  the  HXM  is  that  it  will  use  the  same  airframe 
as  that  of  the  LAMPS,  but  since  it  is  likely  to  be  heavier  than 
the  LAMPS,  the  KXH  may  need  m.ore  power. 

2 . Need  for  a New  Engine 

The  problem  v;lth  the  T-700  engine,  according  to  the  NAYAIR 
Office  of  Propulsion,  is  that  it  may  be  underpowered  for  its 
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proposed  uses  under*  some  conditions,  because  the  engine's  per- 
formance degrades  (as  in  all  turbine  engines)  with  increasing 
te..:perature  and  altitude.  On  a standard  hot  day  (95°  F,  ^000  ft 
altitude),  for  example,  the  engine  can  produce  only  1163  hp . 
Considering  the  planned  gross  weight  of  the  aircraft,  this  is 
barely  enough  power  to  maintain  level  flight  with  one  engine 
out.  Thus,  the  HAVAIR  Office  of  Propulsion  has  expressed  concern 
that  the  UTTAS  and  AAH,  if  povrered  by  the  present  T-700  engine, 
will  have  only  marginal  capabilities.  This  is  especially  true 
of  the  AAH,  which  is  intended  to  be  operated  in  the  "nap  of  the 
earth,"*  where  any  sudden  decrease  in  operating  capability  could 
easily  result  in  disaster.  It  is  also  a possible  problem  for 
LAMPS  which,  as  a Navy  aircraft,  is  required  to  hover  at  maxi- 
mum gross  weight  on  a hot  day  and  to  take  a viaveoff  with  one 
engine  out.  In  a third  case,  the  proposed  Marine  Corps  ti*ans- 
port , the  HXM,  will  be  heavier  than  either  the  LAMPS  oi*  UTTAS, 
in  which  case  it  would  need  either  more  power  or  have  less 
range . 

In  view  of  these  factors,  the  NAVAIR  Office  of  Propulsion 
believes  that  a more  powerful  engine  should  be  developed  for 
these  aircraft.  The  proposed  new  engine  might  also  be  used  as 
a retrofit  in  aircraft  that  nov;  are  powered  by  the  T-58  engine, 
including  the  H-3  and  H-^6.  It  is  expected  that  it  will  offer 
a 25^  improvement  in  specific  fuel  consumption  (SFC)  in  these 
aircraft.  In  addition,  the  newer  technology  engine  is  expected 
to  offer  significant  benefits  in  reliability,  availability,  and 
maintainability.  The  primary  sources  of  these  benefits  are  a 
modular  design  that  allows  easy  replacement  of  parts,  and  better 
materials  that  will  have  longer  life. 

3 . New-Engine  Proposal 

The  NAVAIR  Office  of  Propulsion  proposes  to  develop  a new 
current  technology  engine,  normally  rated  at  2200  hp.  Several 
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possible  engine  designs  are  candidates  for  this  proposed  devel- 
opment. One  of  them  is  the  T-700  Itself,  which  might  be  uprated. 
However’,  the  uprating  potential  of  the  T-700  is  limited.  Its 
manufactui’er  has  proposed  a two  stage  uprating  that  would  in- 
crease its  power  to  about  2050  HP.  This  would  involve  the  use 
of  advanced  state  of  the  art  technology.  HAVAIR  believes  it 
could  develop  an  engine  with  2200  hp  within  the  same  physical 
envelope  as  that  of  the  T-700.  It  also  believes  that  the  pro- 
posed engine  will  offer  a small  improvement  in  military  power 
sfc  (from  0.46  to  0.44).  These  beliefs  are  based  on  demonstra- 
tions that  have  been  made  with  partially  developed  engines, 
some  of  which  were  in  the  competition  that  was  won  by  the  T-700 
and  whose  development  has  continued  under  IR&D. 

To  produce  2200  hp  within  the  same  envelope  as  the  T-700 
would  require  either  a significant  advance  in  technology  or 
another  major  change  in  the  engine  to  get  more  air  through.  One 
possibility  is  a reduction  in  the  size  of  the  integral  inlet 
particle  separator,  a large  assembly  forward  of  the  corr.cressor . 
(See  Figure  3-)  V.'hile  this  elaborate  mechanism  is  considered 
necessary  for  many  arm.y  operations,  its  utility  for  most  naval 
operations  is  not  clear.  Use  of  a smaller  separator  v.'ould  permit 
the  addition  of  extra  compressor  stages  within  the  samie  envelope. 

VJe  estimate  that  the  development  of  a new  engine  of  this 
type  would  cost  from  $30  to  $150  million.  The  lower  figure  is 
applicable  to  the  upgrading  of  an  existing  engine,  such  as  the 
T-700.  The  higher  figure  is  applicable  to  a totally  new  devel- 
opment. Full-scale  development  of  one  of  the  partly  developed 
engines  would  probably  cost  something  between  those  extremes. 

The  decision  is  whether  the  Mavy  should  develop  this  new 
engine  for  any  of  the  potential  uses  mentioned  earlier:  for  the 
second  buy  of  UTTAS , second  buy  of  AAH,  second  buy  of  LAKPS, 
for  the  HXM,  or  as  a replacement  for  the  T-58  in  two  existing 
aircraft.  h'e  consider  the  decision  in  two  ways,  first  as  an 
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Independent  development  for  the  UTTAS,  LAKPS,  and  AAH,  and 
second,  as  an  early  development  for  tlie  KXM. 


4 . Application  of  Proposed  Guidelines  for  Independent 
Development  (UTTAS,  LAMPS,  AAH) 

Guide! i n e 

a.  More  than  one  potential  using  system,  including  retro- 
fits, is  identifiable. 


Comment 


V/ithout  considering  I'etrofits,  three  potential  using  sys- 
tems have  been  identified:  UTTAS,  LAMPS,  and  AAH.  There- 

fore, this  guideline  has  been  satisfied. 

Gu i de 1 i n e 


b.  Integration  will  not  be  a major  problem.  In  other 
words : 


1.  Subsystem,  performance  chai'act  C2'i  sties  are  altei^able 
over  a reasonable  range,  without  requiring  m.ajoi' 
development  effon't;  the  scaling  laws  govei^ning 
changes  in  the  performance  of  the  subsystem  are 
well  understood,  or  can  be  clarified  during  the 
subsystem  developm^ent . Alternatively , system, 
requirements  are  of  sufficient  flexibility  to 
accept  the  developed  item. 

Commen  t 


The  history  of  turbine  engine  development  leads  one  to 
the  general  belief  that  engine  performance  can  be  readi'y 
changed  over  a considerable  range.  However,  such  chang';'. 
generally  povjer  upratings,  are  derived  from  two  rri”.;i:"; 
sources.  One  source  is  technology  advances,  such  ar; 
temperature  materials  and  turbine  blade  cooli.'.-'  *;  • 
increases  in  turbine  inlet  temperature.  The  ■ 
is  simply  over  desipin,  allowing  engine  p-'W- ” • 
only  minor  changes. 
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We  believe  that  the  increases  in  engine  power  through  tech- 
nology advances  are  likely  to  be  more  limited  in  the  future, 
since  technology  improvements  beyond  the  present  base  are 
becoming  more  difficult.  This  means  that  the  upgrading  of 
an  engine  will  tend  to  become  more  difficult.  Performance 
gains  stemming  from  initial  overdesign  could  continue,  but 
this  would  mean  that  such  engines  would  be  larger  and  less 
efficient  than  they  might  otherwise  be.  Hence,  potential 
system  performance  is  traded  off  for  flexibility  in  sub- 
system use.  Although,  in  the  past,  this  tradeoff  has  been 
made  typically  in  the  direction  of  subsystem  flexibility, 
the  demand  for  Improved  systems  performance  coupled  with 
fewer  opportunities  for  gains  from,  technology  advances, 
may  change  this  direction.  The  T-700  engine  presents  somie 
evidence  that  this  is  happening.  The  outcome  of  such  a 
trend  could  be  the  tailoring  of  the  system  to  the  available 
subsystem,  which  is  the  major  alternative  to  having  flexi- 
bility in  subsystem  performance  characteristics. 

The  scaling  laws  seem  to  be  reasonably  well  understood  for 
engines  that  involve  no  more  than  minor  advances  in  technology. 
Hov.'ever,  there  is  evidence  that  engine  design  is  more  of  an  art 
than  a science  (Ref.  7).  Engine  efficiency  is  often  highly 
sensitive  to  minor  changes.  Changing  an  engine  from  a dem.on- 
strated  prototype  to  a production  design  sometim.es  results  In 
unacceptable  losses  of  efficiency  which  then  generates  a need 
for  further  development  to  bring  the  engine  performance  to  an 
acceptable  level.  Nevertheless,  with  respect  to  the  proposed 
Navy  engine,  the  conditions  for  this  guideline  seem  to  have 
been  met  since  it  is  to  use  current  technology. 

Guideline 

2.  The  subsystem  can  be  repackaged  without  major 
development  effort,  allowing  it  to  fit  into  the 
system  without  integration  problems.  Or  if  such 
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repackaging  appears  impossible ^ the  system  can  he 
designed  to  accept  the  subsystem. 

Comment 

The  proposed  Navy  engine  is  to  have  the  sane  outer  envelope 
as  that  of  the  current  T-700.  The  major  problem  may  be 
changing  the  particle  separator  which  could  involve  rela- 
tively elaborate  development.  Infrared  suppression  system 
changes  may  be  necessary,  but  would  probably  not  require 
major  programs  to  accomplish.  (The  T-58  engine  is  also 
about  the  same  size  as  that  of  the  T-700.)  Because  of  the 
particle  separator  problem,  the  requirements  dictated  by 
this  guideline  may  be  troublesome  in  both  new  and  retrofit 
aircraft . 

Guide) i ne 

3,  The  environment  of  the  using  system  will  not  ad- 
versely affect  the  performance  of  the  new  subsystem.. 
If  the  normal  system  environment  is  a problem , a 
controlled  environment  for  the  subsystem  would  be 
avai lable. 

Comment 

The  major  envii’onmental  factors  in  which  the  Navy  is 
Interested  are:  salt,  operational  temperatures,  thermal 

cycling  due  to  mission  requirements,  vibration,  torsional 
moments,  flight  loads,  thermal  environments  in  the  vicinity 
of  the  engine,  and  inlet  and  outlet  characteristics.  VJith 
the  exception  of  the  salt  problem,  the  environmental  factors 
of  interest  to  the  Army  are  much  the  same  as  those  of  the 
Navy.  However  the  Army  has  additional  concern  over  flying 
dust  and  debris  generated  by  helicopters  operating  close 
to  the  ground.  This  has  resulted  in  the  development  of 
screens  and  particle  separators  to  protect  the  engines 
(See  Fig.  3).  In  this  case  the  Army's  environmental  problem 
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could  affect  the  proposed  engine  since  the  engine  may  not 
be  able  to  develop  the  target  power  within  the  current 
envelope  unless  the  particle  separator  is  reduced  in  size. 
Thus  there  is  considerable  question  as  whether  this  guide- 
line can  be  followed  in  the  case  of  the  two  Army  systems 
for  which  the  new  engine  is  suggested. 

Gu i del i ne 

4.  Conversely j the  environment  generated  by  the  sub- 
system will  have  no  adverse  impact  on  the  system 
or  other  subsystems.  Alternatively , the  environ- 
mental impact  of  the  subsystem  is  controllable 
by  appropriate  packaging . 

Comment 

The  environmental  concerns  associated  with  the  engine 
(i.e.,  temperature,  controls,  auxiliary  power,  vibration, 
and  noise)  appear  to  be  engineering  matters  that  create 
no  new  types  of  problems  in  the  considered  applications. 

As  a result,  the  requirements  for  the  guideline  are  con- 
sidered to  have  been  satisfied. 

Guideline 

c.  Subsystem  design  parameters  are  adequately  specified. 

1.  System  design  is  complete  enough  to  specify  the 
subsystem. 

Comment 

The  requirement  of  this  guideline  has  been  met.  However, 
we  reiterate  one  of  the  lessons  that  were  derived  from  the 
case  studies:  a specification  may  change  as  a result  of 

added  requirements  or  operational  experience.  This  seems 
to  be  especially  characteristic  of  aircraft  powerplants. 
During  development,  the  weight  of  an  aircraft  tends  to 
Increase  over  the  original  design  weight.  Sometimes,  in 
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addition,  demands  are  made  for  Increased  performance.  These 
factors  require  an  Increase  in  installed  power.  Therefore, 
the  ability  of  an  engine  to  grow  in  power  has  usually  turned 
out  to  be  valuable,  although  such  an  engine  may  not  be  as 
lightweight  or  efficient  as  it  might  have  been,  had  it  been 
designed  for  one  power  rating.  The  alternative  is  to  re- 
strain the  aircraft  requirements  to  weight  and  performance 
values  that  fit  the  available  engine.  However,  this  seldom 
happens  in  practice. 

Guide! i ne 

2,  System  will  he  designed  around  the  ahavaateristias 
of  the  subsystem. 

Comment 

This  is  covered  in  guideline  c.l  above.  In  this  case,  it 
means  primarily  maintaining  the  aircraft  weight  and  per- 
formance at  a level  suitable  for  the  available  power. 

Since  the  conditions  for  c.l  are  met,  this  guideline  does 
not  apply. 

Guide! i n e 

3.  Subsystem  is  part  of  a family,  whose  character- 
istics span  the  expected  system  requirement . 

Comment 

The  requirement  for  this  guideline  has  not  been  satisfied. 
But  it  does  not  have  to  be  satisfied,  if  either  of  the  c.l 
or  C.2  requirements  is  met. 

Guide! i n e 

d.  No  subsystem  alternatives  are  available  that  would 

permit  the  system  to  be  cost-effective  in  the  minimally 
acceptable  set  of  missions  of  the  type  for  which  the 
system  is  envisioned . 
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Comment 


On  paper  and  in  official  terms,  the  condition  for  this 
guideline  cannot  be  met  under’  the  present  circumstances. 

The  reason  is  that  a subsystem  that  apparently  meets  the 
requirement  is  already  under  development  and  is  almost 
fully  qualified.  This  subsystem  is  the  T-700  engine. 

Presumably,  the  considerations  raised  by  the  NAVAIR  Office 
of  Propulsion  have  been  examined  by  the  project  managers 
and  in  DSARC  reviews.  The  resultant  decision  is  that  the 
T-700  engine  will  provide  sufficient  performance  to  enable 
the  aircraft  to  meet  the  requirements  that  have  been  im- 
posed. The  additional  performance  margin  to  accommodate 
a hot-day,  one-engine-out  condition  is  a new  requirement 
that  apparently  has  not  been  accepted  and  included  in  the 
system  specification.  Similarly,'’  the  Navy  operational 
requirements  for  hot-day  hover  and  single-engine  waveoff 
are  either  met  or  walvered,  and  further  marginal  perform- 
ance in  these  operations  becomes  a new  requirement.  There- 
fore, we  conclude  that  the  condition  for  this  guideline 
has  not  been  met.  Nevertheless,  we  feel  impelled  to  add 
that  previous  experience  with  aircraft  developments  have  fre- 
quently led  to  a need  for  higher  power.  In  fact,  the  require- 
ment for  higher  power  was  sometimes  expressed  after  the  first 
buy  of  production  aircraft  (e.g.,  UH-1,  Appendix  A).  Previously, 
the  new  requirement  was  miet  by  increasing  the  engine  power 
rating.  In  the  case  of  the  T-700,  such  a course  may  not  be 
practicable.  Hence,  we  believe  that  it  will  be  essential  to 
maintain  close  control  on  the  weight  growth  of  the  user  air- 
craft, or  to  modify  hot-day  operating  procedures  to  ensure 
flight  safety  with  the  T-700  engine,  or  to  do  both. 

Although  the  condition  for  this  guideline  has  not  been  met 
in  a formal  sense,  the  requirements  to  determine  whether  the 
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above  alternatives  are  satisfactory  should  be  considered 
further.  If  they  are  not  satisfactory,  the  requirement 
for  a new  engine  should  be  generated,  and  then  the  con- 
ditions for  the  guideline  would  be  met. 

5.  Application  of  Proposed  Guidelines  for  Early  Development 

These  early  development  guidelines  are  applied  only  to 
the  potential  use  of  the  proposed  new  engine  in  the  HXM  heli- 
copter, which  we  assume  will  have  a higher  gross  weight  than 
that  of  the  UTTAS  or  LAMPS. 

Guideline 

a.  The  subsystem  is  of  the  type  that  requires  a long 
development  lead  tim.e  relative  to  the  development  time 
of  other  subsystems . 

Comment 

The  development  time  for  a new  turbine  engine  is  about  five 
years.  This  is  longer  than  the  development  time  of  most 
aircraft  subsystems,  and  certainly  longer  than  the  develop- 
ment of  the  airframe  itself.  There  is  some  uncertainty  in 
the  need  for  a time  of  five  years  in  which  to  uprate  the 
T-700.  But  the  T-700  is  not  considered  to  be  a good  candi- 
date for  uprating;  so,  on  balance,  the  condition  for  the 
guideline  is  considered  to  have  been  met . 

Guide! i n e 

b.  At  least  one,  and  perhaps  several,  potential  user  sys- 
tems are  i dentifiable . Note  that  the  detailed  aharaa- 
teri sties  of  the  user  system  may  not  be  known  at  the 
time  that  the  decision  to  develop  the  subsystem,  is 
taken . 

Comment 

The  HXM  concept  permits  the  proposed  new  engine  to  m.eet  the 
requirements  of  this  guideline. 
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a.  No  subsystem  alternatives  are  available  that  would 

permit  the  system  to  be  cost -ef feative  in  a minimally 
acceptable  set  of  missions  of  the  type  for  which  the 
system  is  envisioned. 

Comment 

If  the  iiXM  is  indeed  heavier  than  the  other  aircraft,  it 
will  need  more  power,  which  can  be  obtained  by  either  using 
thi-ee  T-700  engines  or  developing  the  new  one.  But  a care- 
ful design  and  cost  study  should  be  conducted,  before  making 
such  a decision.  The  conditions  for  this  guideline  may  be 
met,  depending  on  the  results  of  such  a study. 

G u i d e 1 i n e 

d.  Integration  will  not  be  a major  problem. 

Comment 


This  guideline  was  discussed  as  guideline  b (1,  2,  3 and  4) 
under  the  Independent  development  discussion  preceding. 

The  same  conditions  that  were  discussed  in  b (1,  2 and  4) 
apply  here.  In  b (3)  the  army  operating  environment 
creates  a different  problem.  The  HXM  will  presumably  oper- 
ate in  a naval  environment  and  therefore  the  particle  sepa- 
rator would  not  be  so  crucial.  Furthermore,  since  the  HXM 
is  presently  only  in  the  concept  stage,  a larger  engine 
envelope  could  be  included  in  the  design  if  needed.  Hence 
the  proposed  engine  follows  the  Integration  guideline  in 
this  case. 

Guide! i n e 

e.  System  obsolescence , stemming  from  technology  changes 
in  the  subsystem  area^  will  not  be  serious  because : 

1.  No  developments  are  in  view  that  will  obsolete 
the  subsystem y before  the  system  development  is 
started. 
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Comment 


Some  potential  developments,  such  as  the  use  of  ceramic 
turbine  materials  and  high  pressure  compressor  stages,  are 
in  view.  However,  the  incorporation  of  these  types  of 
advances  in  developed  engines  is  not  likely  before  the  new 
engine  can  be  developed.  Hence,  obsolescence  is  not  a 
limiting  factor,  l.e.,  the  conditions  for  this  guideline 
are  considered  to  have  been  satisfied. 

Gu i del i ne 

2.  "Form,  fit,  and  function"  principles  are  appli- 
cable . 

Comment 

Form,  fit,  and  function  concepts  are  not  applicable  to  the 
question  of  engine  obsolescence,  because  an  engine  is  a 
very  highly  Integrated  piece  of  machinery. 

G u i d e 1 i n e 

Z.  Expected  benefits  to  be  realized  in  the  period  of 
utility  of  the  subsystem  exceed  the  expected  costs. 

Comment 

If  the  conditions  of  either  e.l  or  e.2  guideline  would  not 
be  satisfied,  we  would  then  do  a cost  benefit  study,  in 
which  the  cost  of  the  development,  acquisition,  and  opera- 
tion of  the  new  engine  would  be  compared  with  the  acquisi- 
tion and  operation  of  existing  engine  types  over  the  ex- 
pected period  of  utility  of  the  intermediate  technology. 
However,  since  the  conditions  of  guideline  e.l  are  satis- 
fied, the  cost  benefits  study  is  not  applicable. 

6.  Conci usions 

a.  Independent  Development.  The  guidelines  have  been 
applied  to  the  possible  use  of  the  proposed  Navy  turboshaft 
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engine  In  the  AAH,  UTTAS,  and  LAMPS,  all  of  which  are  in  some 
phase  of  the  system  development  cycle.  The  new  engine  meets 
the  conditions  of  all  guidelines  except  b.3  which  says  that 
the  environment  will  not  affect  the  subsystem  and  d which 
states  that  no  subsystem  alternatives  are  available.  In  the 
case  of  b.3  the  problem  lies  in  the  Army's  need  to  operate 
aircraft  in  dirty  environments.  In  the  case  of  d,  an  engine 
that  meets  the  requirements  is  already  in  engineering  devel- 
opment. In  fact,  prototypes  of  that  engine  are  being  used  to 
power  prototypes  of  two  of  the  aircraft  (i.e.,  UTTAS  and  AAH). 
On  the  other  hand,  as  we  have  indicated  previously  perhaps  the 
requirement  should  be  changed  in  view  of  the  previous  history 
of  helicopter  weight  and  performance  demands  increasing  over 
values  that  were  originally  envisioned.  But,  unless  the  re- 
quirement is  changed,  the  conditions  for  guideline  d cannot  be 
satisfied . 


b.  Early  Development.  The  guidelines  for  early  develop- 
ment have  been  used  to  test  the  possibility  that  the  proposed 
engine  should  be  developed  with  its  intended  application  being 
the  HXM,  assuming  that  the  HXM  would  be  significantly  heavier 
than  either  the  UTTAS  or  the  LAMPS.  The  proposed  engine  satis- 
fies the  conditions  of  all  the  mandatory  guidelines,  except 
guideline  c,  which  states  that  no  subsystem  alternatives  are 
available.  In  this  case  we  are  not  sure  since  there  is  one 
alternative  that  needs  investigation:  the  possibility  of 

using  three  T-700  engines.  If,  based  on  study,  such  use  is 
feasible  and  cost-effective,  the  development  of  the  new  engine 
cannot  be  justified,  according  to  the  guideline  condition; 


otherwise,  it  can  be  justified. 

Each  of  these  "iffy"  possibilities  provides  only  a partial 
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justification  for  developing  a new  engine  at  this  time.  We  see 
no  defendable  way  to  combine  the  two  sets  of  partial  justifica- 
tions to  make  a "whole",  unequivocal  justification.  It  should 
be  justified  in  one  case  or  the  other  by  the  means  indicated 
above,  after  which  it  might  be  used  in  both  applications. 
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Besides  the  HXM,  UTTAS,  and  AAH,  the  other  possible  uses 
for  the  new  engine  are  retrofits  to  two  aircraft  (H-3  and  H-^6) 
that  are  now  powered  by  the  T-58  engine.  The  basic  reason  for 
such  a retrofit  would  be  to  provide  performance  benefits  that 
might  result  from  a 25%  improvement  in  specific  fuel  consumption. 
Basically,  this  would  mean  an  increase  in  aircraft  range  and 
in  payload,  or  in  a combination  of  the  two.  But  the  T-700  would 
offer  this  Improvement  without  further  development. 

Another  possibility  offered  by  the  new  engine  is  a signifi- 
cantly better  RAM  than  that  of  the  T-58.  Again,  the  T-700  with- 
out further  development  would  be  a candidate  for  this  role, 
since  its  RAM  would  be  representative  of  the  new  technology. 

Hence,  the  development  of  the  new  engine  on  the  basis  of  lower 
fuel  consumption  or  better  RAM  in  the  H-3  and  the  H-46  aircraft 
is  not  Justified. 

D.  CORRELATION  GUIDANCE  SUBSYSTEMS 

Note : Classified  aspects  of  these  devices  are  not  included 
here.  They  are  discussed  in  Part  2 of  this  study,  which 
includes  classified  appendices. 

1.  Introduction 

Research  and  development  on  a correlation  guidance  subsys- 
tem began  three  decades  ago  at  Goodyear  Aerospace  Corporation. 

The  first  model.  Automatic  Terrain  Recognition  and  Navigation 
(ATRAN),  was  the  first  system  to  use  the  principle  of  radar 
map-matching  for  navigation,  and  it  weighed  1200  lb.  Early 
development  was  intended  for  application  in  the  Matador  cruise 
missile.  By  1953,  the  weight  had  been  reduced  to  250  lb,  and 
the  subsystem  was  incorporated  into  the  Mace  cruise  missile 
Approximately  250  units  were  deployed  in  Europe  between  1958 
and  1965.  Subsystems  were  also  designed  for  the  Navy's  Triton 
and  Regulus  missiles,  but  these  major  systems  were  canceled  during 
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research  and  development.  In  1975,  Martin  Marietta  subcontracted 
Goodyear  to  build  a radar  map-matching  system,  using  a Correla- 
tron  tube  for  the  Pershing  II  missile. 
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Correlator  performance  has  improved  greatly  over  the  years. 
Also  volume,  weight,  lifetime,  and  reliability  have  greatly  im- 
proved. These  Improvements  are  attributed  mostly  to  the  Corre- 
latron  tube.  The  culmination  of  this  set  of  developments  is  a 
system  called  Almpoint,  whose  development  history  is  summarized 
in  Table  3 • 

Unfortunately,  one  significant  parameter  has  not  dramat- 
ically Improved  over  the  years.  This  is  subsystem  unit  produc- 
tion cost,  which  was  $30k  for  the  Mace  guidance  system  and  is 
expected  to  be  in  the  $50k-$60k  range  for  the  Radar  Guidance 
(RADAG)  system  for  Pershing  II.  However,  if  inflation  is  taken 
into  account,  the  unit  cost  Increase  may  in  reality  be  a unit 
cost  decrease.  Most  electronic  subsystems,  such  as  aircraft 
radars,  have  experienced  unit  cost  increases  of  much  larger 
factors  (4-5)  over  the  past  20  years.  The  cost  of  the  Correla- 
tron  tube  is  a small  fraction  of  the  subsystem  cost.  Produced 
by  the  Electron  Tube  Division  of  ITT,  this  tube  is  expected  to 
cost  $5k-$8k  per  unit  in  small  quantities.  However,  the  pro- 
duction cost  would  be  expected  to  decrease  to  $2000  per  tube 
for  2000  unit  orders,  and  to  less  than  $1000  per  tube  for 
10,000  unit  orders. 

The  most  Important  feature  of  the  Correlatron  is  the 
nearly  Instantaneous  comparison  of  real-time  and  reference 
images.  This  provides  a search  capability  that  was  lacking  in 
earlier  systems,  which  required  a reference  image  and  thus  pre- 
cluded operation  over  large  bodies  of  water. 

At  least  11  potential  applications  of  the  Correlatron  tube 
are  envisioned  and  one  is  currently  planned  for  operational  use. 
The  technical  feasibility  of  many  of  the  applications  has  been 


TABLE  3.  HISTORY  OF  AIMPOINT  DEVELOPMENT  CONTRACTS* 


REVISED  REQUIREMENT  FOR  DUAL  MODE  CAPABILITY 
TIED  TO  PAVESTORM  III  EVALUATION 
COMPETITIVE  TEST  EVALUATION  AT  WSMR 


demonstrated.  It  is  not  possible  to  design  a single  subsystem, 
or  even  a single  Correlatron  tube,  that  could  be  used  for  all 
applications.  A modular  Aimpoint  optical  guidance  subsystem, 
however,  has  been  proposed  by  Goodyear  Aerospace  Corporation 
for  glide  or  powered  vehicles.  We  have  subjected  this  subsys- 
tem to  the  guideline  conditions  for  standardization. 

2 . Application  of  Proposed  Guidelines  For  Standardization 

Guide! i ne 

a.  Move  than  one  potential  using  system,  including 
retrofits , is  identifiable . 

Comment 

The  condition  of  this  guideline  has  been  met,  subject 
to  Aimpoint  being  chosen  over  its  competitors  as  the 
guidance  system. 

Guide! i ne 

b.  Subsystem  technology  is  m.ature  and  well  in  hand. 
Comment 

Aimpoint  is  the  culmination  of  more  than  10  years  of 
successful  development  and  testing.  Therefore,  the 
device  itself  meets  this  criterion.  However,  high 
volume  production  has  never  taken  place;  so  far,  all 
production  has  occurred  in  a semilaboratory  setting. 
However,  this  aspect  would  affect  the  selection  of 
Aimpoint  Instead  of  its  standardization.  Therefore, 
the  condition  for  this  guideline  is  considered  to 
have  been  met  subject  to  the  same  qualification  as 
that  of  guideline  a. 

Guide! i ne 

c.  The  potential  market  is  large  enough  to  support 
at  least  one  contractor , and  preferably  two, 
for  several  years. 
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Comment 


The  subsystem  meets  the  criterion  for  this 
guideline,  subject-  to  the  same  qualification  as 
that  under  guideline  a. 

Guide! i ne 

d.  The  projected  overall  benefits  of  standardization 
exceed  its  disadvantages . 

Comment 

If  more  than  one  system  were  to  use  the  Aimpoint  sub- 
system, there  would  be  an  opportunity  for  unit  cost 
reduction  through  increased  production  orders.  In 
addition,  there  would  be  the  opportunity  for  reducing 
support  costs,  since  the  using  systems  would  share  a 
common  reconnaissance  imagery  format,  and  data  collec- 
tion and  processing  assemblies.  Consequently,  it  is 
our  Judgment  that  the  condition  for  this  guideline 
would  be  met  by  standardization,  provided  the  decision 
was  made  to  use  Aimpoint  on  two  systems.  V/e  have  not 
attempted  to  deal  with  the  use  of  Aimpoint  in  relation 
to  other  kinds  of  automatic  guidance  systems.  Also, 
we  raise  one  cautionary  note.  At  present  there  is  only 
one  maker  of  these  subsystems.  If  a decision  is  made 
to  standardize,  the  question  of  procurement  strategy 
must  be  carefully  considered,  as  we  have  discussed 
previously  in  this  report.  Otherwise,  there  is  the 
danger  of  the  Government  being  at  the  mercy  of  the 
one  contractor,  unless  a long-term  pricing  arrange- 
ment can  be  worked  out.  Alternatively,  or  perhaps 
in  addition,  it  may  be  desirable  to  qualify  a second 
source . 


Guideline 


e.  Integration  will  not  he  a major  problem.  In  other 
words : 

2,  The  subsystem  can  be  repackaged  without  major 
development  effort,  allowing  it  to  fit  into  the 
system  without  integration  problems . If  such 
repackaging  appears  impossible , the  system  can 
be  designed  without  difficulty  to  accept  the 
subsystem. 

Comment 

Integration  feasibility  has  been  demonstrated  in  at 
least  two  systems  (see  Appendix  L,  Part  2 of  this 
study).  Therefore,  the  condition  for  this  guideline 
has  been  met. 

Guide! i ne 

2.  The  environment  of  the  using  system  will  not 

adversely  affect  the  performance  of  the  subsys- 
tem. If  the  normal  system  environment  is  a 
problem,  a controlled  environment  for  the  subsys- 
tem will  be  available. 

Comment 

Based  on  experience,  the  environment  of  the  using 
systems  should  not  adversely  affect  the  performance 
of  Aimpolnt.  Consequently,  the  condition  for  this 
is  considered  to  have  been  satisfied. 


Guideline 

3.  Conversely,  the  environment  generated  by  the  sub- 
system will  have  no  adverse  impact  on  the  system 
or  other  subsystems . Alternatively , the  environ- 
mental impact  of  the  subsystem  is  controllable  by 
‘i?  appropriate  packaging . 

i 


Comment 


Since  Aimpoint  depends  on  the  the  use  of  a passive 
sensor,  its  interaction  with  the  rest  of  the  system 
should  be  no  different  from  that  of  any  other  passive 
sensor.  Therefore,  it  is  considered  as  having  satisfied 
the  criterion  for  this  guideline. 

3 . Conclusions 

All  the  criteria  or  conditions  for  the  guidelines  for  the 
standardization  of  Aimpoint  are  considered  to  have  been  satis- 
fied, subject  to  the  condition  that  the  guidance  method  is  in 
fact  the  method  for  choice  for  two  or  more  systems.  As  we  have 
noted  above,  this  choice  depends  not  only  on  performance  factors, 
but  also  on  the  potential  for  setting  up  for  large  quantity  pro- 
duction. We  also  caution  against  standardizing  without  a pro- 
curement strategy,  designed  to  protect  the  Government  against 
contractor  monopoly  pricing. 
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APPENDIX  A 


UH-1  AND  AH-1  HELICOPTERS 

I.  SUMMARY 

The  developmental  history  of  the  UH-1  (Huey)  utility 
helicopter  and  its  AH-1  (Huey  Cobra)  gunshlp  derivative  can 
scarcely  be  separated  from  the  recent  history  of  the  Army,  and 
from  the  advocacy  role  played  by  the  helicopter  contractor  and 
a group  of  Army  officers  who  v;ere  enthusiastic  about  an  en- 
hanced role  for  Army  aviation.  This  advocacy  resulted  in  a 
contract  to  Bell  Helicopter  to  produce  the  first  version  of 
the  UH-1  as  a "medevac"*  helicopter.  However,  contract  for 
this  development  was  held  up  initially,  since  the  requirement, 
even  when  combined  with  two  secondary  milssions,  involved  only 
a small  number  of  production  aircraft.  Then,  the  Army  aviation 
enthusiasts  came  up  with  a rationale  for  a new  mission  that 
would  require  thousands  of  utility  aircraft. 

The  first  production  Hueys  were  delivered  to  an  armored 
cavalry  division,  where  doctrine  and  tactics  for  their  use  were 
developed.  Also,  new  performance  needs  were  recognized.  Hence, 
the  UH-IA  was  superseded  by  the  UH-IB,  a more  agile  machine 
because  of  changes  in  the  engine  and  dynamic  system  that  had 
been  made  as  a result  of  the  initial  experience.  Each  new 
model  of  the  aircraft  (there  are  about  20  different  versions) 
was  designed  to  a somewhat  different  requirement  and  had  some- 
what different  characteristics.  The  development  was  mainly 
evolutionary:  a change  in  one  or  two  components  at  a time. 

< Medical  evacuation. 
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Such  changes  Involved  either  IR&D  by  the  contractor  or,  if  the 
capability  was  believed  to  be  satisfactorily  demonstrated,  the 
development  was  directed  by  the  program  manager.  Such  a capa- 
bility demonstration  was  often  the  objective  of  the  contractor's 
IR&D. 

The  improvements  that  started  as  IR&D  included  a larger 
chord  rotor  blade,  larger  diameter  rotor,  a new  rotor  airfoil 
section,  new  blade  production  method,  weapons  installations, 
and  uprated  dynamic  components.  Primarily,  the  impetus  and  the 
capability  to  make  these  Improvements  came  from  the  manufacturer, 
who  maintained  close  contact  with  the  military  users  of  the 
machines  and  noted  their  desires  and  dissatisfactions.  Con- 
tractor IR&D  was  aimed  at  improving  or  adding  something  to  the 
aircraft,  for  which  the  manufacturer  detected  there  was  a need 
or  desire.  Such  development  might  be  carried  to  the  point  of 
demonstration,  at  which  point  the  purchaser  would  decide  to  in- 
clude the  new  characteristic  in  the  latest  buy.  Then,  a direc- 
ted development  ensued. 

In  the  entire  history  of  the  UH-1  aircraft,  only  one  in- 
dependent development  was  directly  relevant.  This  was  the  ini- 
tial engine  development  contract  awarded  by  the  Army  Ordnance 
•"  Corps  in  1951  to  Lycoming,  to  develop  a ^80-shp  (continuous 

rating)  turbine  engine  for  a four-place  helicopter.  Within  six 
months,  this  contract  was  amended  to  increase  the  horsepower  to 
600.  Before  a 600-shp  engine  was  qualified  a second  amendment 
was  made  to  develop  an  engine  for  the  H-^10,  the  prototype  util- 
ity helicopter  which  needed  770  shp ; thus,  the  independent  de- 
velopment was  turned  into  directed  development.  Moreover,  even 
the  770-shp  engine  was  uprated  after  some  operational  exper- 
ience with  the  first  production  buy. 

After  the  airframe  and  turbine  engine  were  initially  com- 
bined, two  further  developments  occurred  that  might  be  con- 
e sidered  revolutionary.  The  first  was  the  development  of  a chin 


gun  turret  by  Emerson  Electric,  working  In  cooperation  with  Bell 
and  both  of  them  on  their  own  IR&D  funds.  The  second  was  the 
gunship  fuselage,  developed  by  Bell  on  its  own  after  losing  the 
AAFSS  (Armed  Aerial  Fire  Support  System)  competition  to  Lockheed 
Again,  it  was  the  Army  aviation  contingent  that  decided  it 
needed  this  aircraft  in  Vietnam,  following  the  Bell  demonstra- 
tion. And  this  was  a primary  factor  in  Bell's  receiving  a pro- 
duction contract  over  objections  from  a number  of  sources. 

Other  items  were  developed  early.  These  constituted  GFE 
(government-furnished  equipment)  to  the  prime  contractor,  e.g., 
avionics  equipment,  sighting  and  tracking  equipment,  and  some 
of  the  flight  equipment.  Including  instruments.  We  have  not 
examined  these  in  detail  in  this  study,  since  they  were  avail- 
able equipment  insofar  as  the  prime  contractor  was  concerned. 

In  a number  of  cases,  it  was  necessary  for  Bell  to  repackage 
some  of  these  subsystems  to  fit  and  integrate  them  into  the 
aircraft.  Examples,  which  we  class  as  being  independently 
developed,  are  the  "comnav"*  system  being  installed  in  current 
model  aircraft  as  part  of  the  Army  avionics  plan,  the  night 
vision  equipment,  and  survival  equipment  that  is  part  of  the 
Army's  aircraft  survivability  program. 

From  this  case  study  of  the  Bell  Huey  and  Huey  Cobra,  we 
draw  the  following  conclusions  about  the  development  of  sub- 
systems : 

a.  Contracted  independent  development  was  not  a factor 

in  the  developmental  history  of  these  aircraft.  Nearly 
all  developments  were  done  under  IR&D  by  the  contractor 
or  a major  subcontractor.  They  vvere  taken  to  the  point 
of  demonstration  and,  if  the  customer  accepted  them, 
they  were  followed  by  either  a production  contract  or 
a directed  development  for  the  next  buy. 

b.  Standard  subsystems  were  GFE  that  had  been  developed 
for  general  use  in  Army  aircraft.  These  were  de- 
veloped independently  under  commodity  programs 
(avionics,  survivability)  that  were  responsive  to 
ROCs  (Required  Operational  Capabilities). 
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c.  Prime  contractor  behavior  was  to  expand  its  envelope 
of  expertise.  Unless  it  was  required  to  adapt  sub- 
systems, either  by  contract  or  lack  of  in-house  ex- 
pertise, it  tended  to  develop  what  it  needed.  Major 
exceptions  were  the  engine  and  weapons.  In  these 
cases,  the  contractor  established  close  working  re- 
lations with  those  who  had  the  capability  and,  in 
some  cases,  performed  Joint  IR&D  projects  with  such 
contractors.  In  at  least  one  case,  the  contractor 
developed  a ew  subsystem,  when  available  off-the- 
shelf  equirmer**  could  have  performed  the  function. 

d.  A close  r i tlonship  with  the  operators,  and  aggres- 
sive advoca.j  by  the  prime  contractor  and  some  of  its 
military  clients,  were  decisive  factors  in  the  orig- 
inal development  of  the  Huey  and  the  follow-on  de- 
velopment of  its  improvements  and  derivatives. 

e.  The  transfer  of  technology  from  the  technology  base 
was  readily  accomplished  by  the  contractor,  through 
an  incremental  approach  that  relied  substantially  on 
IR&D  and  directed  development. 


II.  DEVELOPMENT  HISTORY  OF  THE  HUEY  (UH-1)  SERIES  OF  UTILITY 
HELICOPTERS 


Experience  in  Korean  military  operations  provided  an  im- 
petus for  developments  to  improve  helicopter  operating  charac- 
teristics. Helicopters  of  the  Korean  era  were  powered  by  re- 
ciprocating engines;  they  had  relatively  low  payload-to-empty- 
welght  ratios,  low  climb  rate  capability,  and  poor  hovering 
performance  at  altitude,  although  their  endurance  was  satisfac- 
tory. However,  there  was  a greater  need  for  payload  and  hover- 
ing capability  than  there  was  for  endurance  in  the  operations 
for  which  helicopters  seemed  suited.  It  appeared  that  turbine 
engine  characteristics  would  help  in  achieving  this  desired 
performance . 

In  1951,  the  Army  Ordnance  Corps  contracted  with  Lycoming 
Engine  Company  to  develop  a gas  turbine  engine  for  helicopter 
use.  This  was  an  Independent  development,  although  there  was 
a fairly  specific  use  in  mind — a four-place  machine  capable  of 
carrying  two  patients  on  litters  as  well  as  an  attendant  inside 
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Its  fuselage.  Other  desired  characteristics  were  increased 
smoothness  (decreased  vibration)  and  reduced  maintenance. 

Another  requirement  was  that  the  helicopter  be  air  transport- 
able. In  addition  to  the  medevac  mission,  there  were  secondary 
missions  of  staff  and  command  utility  and  helicopter  instrument 
training.  Also,  from  Korea  came  the  requirement  for  hovering 
capability  at  high  altitude  on  a hot  day  (5000  ft,  95°  F).  The 
gas  turbine  engine,  whose  initial  target  horsepower  was  ^80 
(600  take  off),  was  believed  to  be  a primary  means  of  resolving 
this  diverse  set  of  requirements.  Within  six  months  of  the 
award  of  the  original  contract,  the  Army  decided  it  would  need 
more  power  and  the  contract  was  amended  to  develop  a 600-shp 
(military  rating)  engine. 

The  requirement  to  develop  the  actual  helicopter  was  later 
generated  by  the  Airborne  Board  at  Ft.  Bragg,  except  that  the 
question  remained  whether  the  new  aircraft  should  have  a turbine 
or  reciprocating  engine.  The  missions  named  for  the  helicopter 
to  fly  indicated  a requirement  for  a total  of  150  to  200  air- 
craft. More  than  20  proposals  were  submitted,  four  of  them 
from  the  Bell  Helicopter  Corporation. 

Bell's  "homework"  prior  to  submitting  its  proposals  had 
been  done  largely  under  IR&D.  This  included: 

• Close  coordination  with  Lycoming  to  interchange  infor- 
mation on  helicopter  and  engine  requirements  and  inter- 
actions 

• Installation  of  a French-made  turbine  engine  (under  an 
Air  Force  contract)  in  the  previously  piston-powered 
U-13 

• Research  on  metal  rotor  blades 

• Development  of  methods  to  use  honeycomb  materials  in 
airframe  structures 

• Simplification  of  the  rotor  hub 
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• Development  of  an  elevator  control  system  with  a non- 
linear connection  to  the  cyclic  controls,  thereby 
reducing  sensitivity  to  c.g.  (center  of  gravity)  travel 

• Evolution  of  simplified  logistic  concepts  for  helicopter 
maintenance,  based  on  Korean  experience. 

Bell  was  awarded  a development  contract  in  1956,  on  the 
basis  of  one  of  its  proposals  that  specified  a turbine  engine. 
This  award  created  considerable  controversy,  in  which  Bell's 
competitors  and  high  Army  officials  becamie  embroiled.  The 
essential  argument  was  that  a new  machine  should  not  be  devel- 
oped, since  there  was  a requirement  for  only  150  to  200  aircraft. 
Such  a low  quantity  did  not  justify  a development  program, 
because  an  already  developed  transport  helicopter,  the  H-34, 
could  accomplish  the  named  missions.  The  contract  award  was 
put  in  limbo  by  the  Army  Chief  of  Staff. 

Later  on,  a new  mission  requirement  evolved,  which  came 
about  through  the  studies  of  a group  of  Army  aviation  enthu- 
siasts led  by  General  H.  Howze.  The  requirement  was  for  a small 
tactical  troop  transport,  v/hich  in  concept  could  provide  air 
mobility  to  fighting  forces  in  small  units,  perhaps  of  squad 
size.  Studies  initiated  by  the  Army  aviation  group  through  the 
Army's  Chief  of  R&D  indicated  the  technical,  economic,  and 
military  feasibility  of  this  concept.  The  outcome  was  a poten- 
tial requirement  for  3000  aircraft,  whose  individual  airframe 
cost  was  to  be  under  $100,000.  The  development  contract  that 
had  been  in  limbo  was  finally  released  to  Bell,  who  developed 
the  wholly  new  airframe  for  $15  m.llllon.  It  was  also  recognized 
that  the  engine  to  be  produced  under  the  contract  that  had  been 
given  to  Lycoming  earlier  would  not  be  powerful  enough  for  the 
proposed  helicopter.  Therefore,  a new  contract  amendment  was 
made  to  "grow"  the  engine  to  770  shp.  The  original  600-shp 
''  engine  was  never  qualified.  In  addition,  by  maintaining  close 

liaison  with  the  field  when  the  prototypes  were  flying.  Bell 
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managed  to  get  most  field  corrections  incoi-porated  in  the  pre- 
production  UH-1.  The  first  group  of  production  aircraft 
(UH-lAs)  went  to  Ft.  Campbell  in  1959,  where  they  became  part 
of  division  equipment.  At  that  'ime,  General  Westmoreland  was 
the  Deputy  Division  Commander.  At  this  point,  the  aircraft  had 
the  Lycoming  T-53-1A  engine,  which  was  rated  at  770  shp . Its 
missions  Included  instrument  training,  medical  evacuation,  and 
administrative  troop  lift  (seven-place).  Its  maximum  gross 
weight  was  7200  lb.  A total  of  173  UH-IA  aircraft  were  pro- 
duced . 

The  performance  of  the  aircraft  was  not  completely  satis- 
factory. Greater  payload  would  have  been  desirable.  In  addi- 
tion, an  argument  was  raised  about  the  productivity  of  the  air- 
craft. Because  of  the  small  payload,  it  was  not  considered 
cost-effective  in  comparison  with  the  larger  transport  heli- 
copters . 

The  Director  of  Army  Aviation,  then  General  von  Kann,  de- 
cided to  "grow"  the  vehicle  by  improving  the  components.  Bell 
first  developed  an  improved  rotor  system.  Blade  chord  was  en- 
larged from  15  to  17  and  then  to  21  inches.  Transmissions 
were  tested  at  higher  power.  Engine  power  was  Increased  to 
860  shp.  The  upgraded  aircraft  broke  a number  of  records  for 
helicopter  performance,  which  seemed  to  provide  the  justifica- 
tion for  the  B model,  a growth  version  of  the  UH-IA  aircraft 
and  engine.  This  new  aircraft  was  intended  to  be  capable  of 
flying  the  previous  missions  as  well  as  a new  mission  (fire 
support).  Three  engine  versions  were  used  in  the  B m.odel, 
starting  with  the  T-53-L-5  with  960  shp,  and  ending  with  the 
L-11  with  1100  shp.  The  maximum  gross  weight  increased  from 
7200  lb  to  8500  lb.  This  permitted  about  a 500-lb  Increase  in 
the  payload. 

In  1963,  Bell  proposed  a change  to  stretch  the  fuselage 
but  to  continue  to  use  the  same  dynamic  system.  Eventually, 
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this  stretched  fuselage  was  combined  with  a larger  rotor  to 
become  the  D model.  Gross  weight  was  increased  to  9500  lb. 

At  about  this  time,  the  West  German  Government  came  in 
with  a request  for  350  utility  helicopters  and  a competition 
was  held  among  Bell,  Sikorsky,  and  Vertol,  which  was  to  be 
settled  by  a flyoff.  Bell  apparently  held  its  own,  until  it 
was  decided  to  run  part  of  the  flyoff  at  high  altitude.  Bell 
engineers  felt  their  engine  was  not  powerful  enough  to  perform 
well  at  high  altitude.  Meanwhile,  Lycoming,  with  whom  Bell 
had  been  maintaining  its  continuing  close  relationship,  had 
developed  the  T-53  engine  to  where  it  had  tested  one  that 
could  be  rated  at  ikOO  shp.  Although  the  engine  had  never 
been  flown,  it  was  brought  to  Germany  and  installed  in  the 
flyoff  aircraft.  This  gave  a clear  advantage  to  Bell,  who 
easily  won  the  flyoff  with  the  demonstration  of  the  altitude 
capabilities  of  its  helicopter. 

Prom  time  to  time,  other  modifications  have  been  made  to 
the  UH-1  basic  aircraft,  in  response  to  new  capabilities  re- 
quested by  users.  These  requirements  have  been  met  by  varia- 
tions in  power,  dynamic  components,  and  by  changes  in  internal 
configuration  and  auxiliary  equipment.  The  users  include  the 
U.S.  Army,  Navy,  Air  Force,  Marines,  and  the  military  forces 
of  Canada,  Germany,  Iran,  and  other  countries. 

III.  DEVELOPMENT  HISTORY  OF  THE  AH-1  ATTACK  AND  FIRE-SUPPORT 
HELICOPTERS 


In  the  early  1960s,  the  Army  put  rockets  and  machine  guns 
on  utility  helicopters.  The  earliest  efforts  were  reminiscent 
of  the  early  weapon  delivery  modes  of  aircraft  during  World 
War  I,  when  bombs  might  be  thrown  over  the  side  and  pilots 
would  shoot  at  each  other  with  pistols.  In  the  case  of  the 
helicopter,  machine  guns  or  rocket  pods  virere  hard-mounted  on 
^ the  skids.  Later,  combined  efforts  of  Bell  and  Emerson  included 

■!  the  development  of  r*ocket  and  machine  gun  kits  for  side  mounting, 
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turrets  for  nose  mounting,  and  a universal  pylon  on  which  a 
variety  of  stores  and  weapons  could  be  mounted.  The  weapons 
aircraft  required  a crew  of  four,  they  had  high  drag  (the  Huey 
had  a wide  fuselage  with  side-by-side  seating),  and  the  payload 
was  low. 

Bell,  with  the  IR&D  funds,  sponsored  the  develcpmient  of  an 
integrated  prototype  gunshlp , using  the  Model  207  (H-13)  Sioux 
Scout  as  a test  bed.  The  gunship  had  two  M-60  machine  guns  in- 
stalled in  a chin  turret,  which  had  been  developed  by  Emerson 
Electric,  also  under  IR&D.  It  had  tandem  seating  and  side-arm 
controls  that  provided  a space  for  the  gunner's  sight.  A 
honeycomb  floor  served  as  structural  mounting  for  the  chin 
turret,  thus  providing  a structure  that  minimized  vibration  and 
absorbed  turret  recoil  loads.  In  January  196A,  pilots  of  the 
11th  Air  Assault  Division  evaluted  the  aircraft  and  recomimended 
that  the  Army  develop  a special-purpose  helicopter,  using  the 
same  configuration  but  with  turbine  pov;er. 

The  requirement  for  the  Armed  Aerial  Fire  Support  System, 
(AAFSS)  evolved  from  this  evaluation.  The  Transportation  Corps 
and  the  Secretary  of  the  Army  decided  to  hold  a competition  to 
develop  a prototype.  Lockheed  proposed  the  Cheyenne.  Bell 
proposed  the  Warrior,  a two-place  tandemi  machine  that  would 
use  the  same  dynamic  components  as  the  UH-IC  v;ould  use,  but  with 
a new  fuselage  to  provide  better  performance,  and  with  the  wea- 
pon system,  Integrated  into  the  machine.  Lockheed  won  the  con- 
tract award  with  its  Cheyenne  vihlch  promilsed  better  performance 
and  less  maintenance  than  did  the  Bell  machine,  primarily  because 
of  an  advanced  technology  (though  unproven),  rigid  rotor  system. 

After  the  development  contract  was  awarded  to  Lockheed, 

Bell  decided  to  build  its  proposed  gunshlp  secretly,  on  its  own. 
This  decision  v/as  miade  in  January  19^5  and  the  ship,  now  called 
the  Huey  Cobra,  was  supposed  to  fly  that  year.  At  first,  the 
Arm.y  ignored  Bell's  work,  but  by  then  the  Vietnam  commitment 
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was  growing  and  the  need  for  gunships  was  being  emphasized.  At 
that  time,  the  Hueys  (UH-ls)  were  being  used  as  gunships,  with 
machine  guns  being  fired  through  open  side  doors  and  with 
rocket  pods  attached  to  the  side.  Also,  the  aircraft  v;as  con- 
sidered to  be  too  slow  for  gunship  use  and,  because  the  v/eapon 
system  was  not  truly  integrated  with  the  machine,  the  total 
system  was  clum.sy  and  ineffective.  Visits  of  Bell  personnel  to 
the  battle  areas,  and  discussions  with  combat  arms  people  in- 
dicated that  the  Cobra  concept  would  match  the  mission  require- 
ments. Although  the  Transportation  Corps  wanted  to  stop  the 
program,  calling  the  Cobra  a high-risk  development.  General 
Westmoreland  was  convinced  of  the  need  and  he  provided  the  re- 
quirement for  the  Huey  Cobra. 

Army  doctrine  at  that  time  was  explicit  in  denying  the  use 
of  armed  helicopters  for  assaulting  enemy  forces.  Close  support 
was  to  be  supplied  by  Air  Force  fighters.  Combat  helicopters 
were  to  be  used  for  such  missions  as  m.oving  troops  and  weapons, 
for  observation,  and  for  reconnaissance.  Some  arming  of  air- 
craft or  helicopters  for  self-protection  and  for  use  in  arm.ed 
reconnaissance  was  legitimate.  But  the  concept  of  using  heli- 
copters as  the  means  of  delivering  of  heavy  firepower  or  close 
support  in  assault  missions  was  a disapproved  notion,  although 
a number  of  Army-sponsored  studies  and  combat  development  groups 
had  been  examining  such  concepts.  There  was  opposition  to  this 
requirement  from  the  Transportation  Corps  and  from  Bell's  com.- 
petitors,  who  were  effectively  shut  out  from  competing  against 
a development  that  was  all  but  completed  and  a requirement  con- 
sidered to  be  imm.ediate.  The  Army  Chief  of  Staff  found  it  dif- 
ficult to  veto  a request  that  had  its  origins  in  Vietnam,  comibat 
and  v;as  supported  by  General  Westmoreland,  Vietnam,  combat  vet- 
erans, and  the  combat  arms  groups.  The  contract  for  the  AH-1 
was  let. 


A-10 


Controversy  over  the  eventual  outcome  of  this  use  of  heli- 
copters In  Vietnam  continues.  Helicopter  losses  to  enemy  weap- 
onry were  significant,  and  It  Is  not  yet  clear  wiiether  gunshlp 
helicopters  provided  significant  assistance  In  Vietnam.  Analysis 
of  this  particular  controversy  Is  beyond  the  scope  and  purpose 
of  this  paper.  The  present  situation  Is  that  the  Army  Is  now 
running  a competition  for  an  advanced  version  called  the 
Advanced  Attack  Helicopter  (AAH),  which  has  succeeded  the 
AAFSS  as  the  next-generation  Army  combat  aircraft.  AAFSS  de- 
velopment was  stopped  after  the  Cheyenne  rlgld-rotor  concept 
ran  Into  technical  and  financial  difficulties  (see  Appendix  B). 
Meanwhile,  the  technology  of  arming  helicopters  has  developed 
to  where  an  Individual  helicopter  can  be  made  capable  of  de- 
livering a considerable  variety  of  ordnance  with  only  minor 
changes,  most  of  which  are  possible  In  the  field.  In  addition, 
considerable  attention  has  been  paid  to  methods  of  augm.entlng 
survivability  against  surface-launched  weapons  through  a formal 
aircraft  survivability  program. 

The  foregoing  narrative  repi’esents  the  basic  backgi-ound 
leading  to  acceptance  and  development  of  Integrated  armed 
helicopters.  Our  Interest  Is  not  in  the  merits  of  the  concept 
but  in  the  nature  of  the  process,  particularly  where  Improve- 
ments and  new  capabilities  were  Incorporated  in  the  hai'dware 
Itself.  The  Bell  machines  illustrate  nearly  all  the  possible 
ways  in  which  such  improvements  and  new  capabilities  occur. 

The  next  section  addresses  a number  of  the  subsystems  that  have 
been  incorporated  or  Improved  in  the  Huey  helicopter  and  its 
derivatives . 

IV.  HISTORY  OF  HUEY  SUBSYSTEMS 
A . Engine 

The  T-53  engine,  which  has  powered  almost  all  the  Hueys 
and  Huey  Cobras,  was  started  as  an  independent  development  by 
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the  Army  Ordnance  Corps.  At  that  time,  the  independent  concept 
was  a four-place  helicopter  capable  of  hovering  "out  of  ground 
effect"  on  a hot  day.  Although  there  was  no  specific  design, 
an  estimate  of  the  weight  of  the  aircraft  led  to  a specification 
of  480  shp  (continuous  rating)  for  the  engine.  Lycoming  started 
this  development  in  1951.  Within  six  months,  the  contract  was 
amended  to  Increase  the  rating  to  600  shp,  causing  Lycoming  to 
scrap  all  the  work  up  to  that  point  and  start  afresh.  However, 
a 600-shp  engine  was  never  qualified.  The  requirement  for  the 
aircraft  grew,  and  eventually  the  need  for  a more  powerful 
engine  was  realized  with  the  design  of  the  H-40.  When  the  Bell 
design  requirements  became  better  known,  Lycoming  increased  its 
engine  horsepower  from  600  to  720  and  then  to  860,  although  it 
was  flat-rated  to  770  to  meet  the  capabilities  of  the  original 
Huey  dynamic  system.  This  engine,  the  T-53-L-1A,  was  Installed 
in  the  UH-IA  aircraft.  For  the  UH-IB,  the  power  of  the  T-53 
was  increased  twice,  to  960  and  then  to  1100  shp;  this  was  the 
L-11  engine.  The  L-13  engine,  originally  developed  for  the 
UH-IC,  was  rated  at  1400  shp.  This  engine  version  is  used  in 
all  the  Bell  gunships.  Development  of  the  T-53  has  continued, 
and  the  engine  is  now  capable  of  producing  1700  shp,  but  there 
is  no  program  for  it  at  present. 

The  upgrading  of  the  T-53  engine  is  characteristic  of 
turbine  engines.  It  was  achieved  by  a variety  of  devices  that 
include  the  use  of  higher  temperature  materials  in  turbine  com- 
ponents, additional  turbine  wheels,  and  improved  compressor  and 
stator  blading  to  Increase  pressure  and  air  flow. 
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B . Transmissions 

The  Huey  transmission  has  had  four  changes,  intended  to 
upgrade  its  power-transmission  rating.  This  was  achieved  by 
the  use  of  duplex  and  triplex  bearings,  strengthening  the  case, 
increasing  the  number  of  planetary  gears,  thickening  the  flanges, 

A-12 


and  increasing  the  oil  cooling  capacity.  Despite  these  sub- 
stantial changes  in  power-handling  capacity,  the  transmission's 
external  appearance  is  much  the  same  as  the  original.  These 
product  improvements  were  directed  developments,  related  to  new 
versions  of  the  aircraft . 

Transmission  development  is  continuing  at  Bell  with  the 
intent  to  provide  transmissions  that  will  operate  for  a reason- 
able period  of  time  (30  to  ^5  minutes)  without  lubrication. 

Thus,  if  the  lubrication  system  is  damaged,  there  is  a good 
chance  of  the  vehicle  being  flown  to  a safe  recovery  point. 

Three  such  transmissions  are  now  being  fabricated  for  testing. 

It  is  possible  that  they  will  be  used  on  a new  machine  called 
the  Advanced  Attack  Helicopter  (AAH),  for  which  Bell  has  a con- 
tract to  produce  vehicles  for  a flyoff.  At  the  present  time, 
this  transmission  development  is  primarily  TR&D,  although  there 
is  some  Navy  6.2  support  in  the  development. 

C . Rotors 

The  original  Bell  rotor  had  a chord  of  15  Inches  and  a di- 
ameter of  44  feet.  New  requirements  prompted  Bell  to  develop 
larger  rotors,  ranging  up  to  48  feet  in  diameter  and  27  Inches 
in  chord.  These  various  sizes  of  rotors  were  used  in  the  dif- 
ferent aircraft,  to  emphasize  performance  characteristics  that 
might  be  desired  for  different  missions.  Other  work  included 
the  development  of  a new  high  efficiency  airfoil,  and  production 
methods  for  making  the  new  airfoil,  which  required  higher  tol- 
erances than  did  the  original.  The  concept  of  the  new  airfoil 
was  developed  under  IR&D,  but  its  application  to  the  Huey  was 
done  as  directed  development. 

D . Weapons 

In  all  cases,  the  basic  weapons  were  either  in  existence, 
or  they  were  developed  independently  of  the  aircraft.  This  in- 
cluded the  M-60  machine  gun,  2.75-lnch  rocket,  40-mm  grenade 
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launcher,  and  such  guided  weapons  as  the  SS-11  and  TOW  (tube 
launched,  optically  tracked,  wire  guided)  missiles.  However, 
the  Installation  of  these  weapons  on  the  aircraft  required  di- 
rected development,  because  there  was  a substantial  Integration 
problem.  This  Included: 

1.  The  need  for  turrets  and  hard  points  that  would  pro- 
vide an  adequate  field  of  fire 

2.  Avoidance  of  Interference  with  any  of  the  aircraft 
components  and  structure  Including  damage  from  recoil, 
muzzle  blast,  and  vibrations 

3.  Provision  of  ammunition  storage  and  feed  systems 

Avoidance  of  electromiagnetlc  Interference  with  any  of 
the  aircraft's  electronic  systems. 

In  addition,  the  fire-control  and  stores  managem.ent  systems  had 
to  be  Integrated  with  the  aircraft. 

The  development  of  the  TOW  system  perhaps  typifies  the  pro- 
cess of  development  with  the  Bell  aircraft.  To  operate  the  TOW 
adequately  from  an  unstable  platform,  such  as  a helicopter,  re- 
quires a stabilized  sight.  Such  a sight  development  was  under- 
taken by  MICOM,  as  a prototype  conceptual  program  independent 
of  the  TOW  development.  Bell  supplied  the  platform  for  the 
stabilized  sight  system  but  otherwise  was  not  involved  in  the 
program.  When  this  program  was  completed.  Bell  proposed  an  ECP 
(engineering  change  proposal)  to  install  the  TOW  on  the  AH-1. 

The  TOW  airborne  tracking  unit,  which  was  different  from  the 
MICOM  unit,  was  to  be  used  along  with  a stabilized  mirror  in- 
stead of  stabilized  optics.  This  concept  had  been  developed  by 
General  Electric  for  the  Cheyenne  helicopter,  and  it  represented 
an  additional  capability  over  the  MICOM  unit,  because  the  mirror 
system  could  accept  any  optical  signal,  including  FLIR  (forward 
looking  infrared),  laser,  and  conventional  optics. 

The  TOW  pods  and  launchers  were  both  directed  development. 
The  pods  were  developed  by  Hughes,  and  the  slewable  launchers 
were  developed  by  Bell.  Since  the  TOW  is  to  be  launched  from 
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the  helicopter  in  a hover,  and  the  attitude  of  the  aircraft 
will  vary  with  wind  and  aircraft  weight,  the  launchers  must  be 
vertically  slewable  to  permit  launching  the  weapon  at  the  cor- 
rect angle  for  "capture"  by  the  gunner's  control  system.  Thus, 
the  integration  of  the  TOW  system  to  the  aircraft  was,  in  it- 
self, a development  problem. 

E . Stabilizing  Subsystems 

Although  Bell  built  a stabilizing  system  as  early  as  1952, 
no  such  system  was  used  on  any  of  the  Hueys  until  Bell  sold 
some  to  the  Italian  Government , who  needed  an  overwater  hover- 
ing capability  at  night.  For  this  purpose.  Bell  developed  a 
system  called  SCAB  (stability  and  control  augmentation  system). 
This  system,  is  now  used  on  the  Cobra,  where  it  Improves  weapon 
aiming  accuracy  and  helps  reduce  drag  by  permitting  the  elim- 
ination of  the  stabilizer  bar.  Although  other  manufacturers 
had  developed  such  devices.  Bell  decided  to  develop  its  ovm, 
which  it  claimed  saved  weight  and  was  easier  to  integrate  into 
the  helicopter.  Bell  claims  that  its  better  unit  stemmed  from 
its  better  understanding  of  the  dynamics  of  its  machine. 

F . Survivability  Enhancement 

1 . IR  Suppression  System.  This  is  a system  to  reduce  the 
vulnerability  of  the  aircraft  to  an  infrared-seeking  missile. 

It  controls  the  temperature  of  the  exhaust  and  engine  surfaces 
that  might  be  "seen"  by  a missile.  The  system  is  highly  inte- 
grated with  the  aircraft  configuration,  and  it  Includes  a mixer 
to  dilute  and  cool  the  exhaust  gases  and  exposed  engine  surfaces. 

2.  Landi ng  Gears . Bell's  preconception  of  its  own  supe- 
rior capability  to  design  components  for  its  own  aircraft  was 
borne  out  in  the  case  of  landing  gears.  Bell  had  subcontracted 
the  design  and  production  of  the  landing  gear  for  the  prototype 
miachines.  But  it  received  what  it  considered  to  be  a hlgh- 
welght  gear.  Consequently,  Bell  developed  its  own  design,  which 
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used  an  energy  absorber  principle  involving  the  shearing  of 
metal.  This  saved  250  lb  of  dead  weight. 


3.  Fuel  Cel  1 s . A safety  assessment  of  helicopter  opera- 
tions resulted  in  a development  of  crashworthy  fuel  cells.  This 
development  was  sponsored  by  the  Army's  Aviation  Laboratories 
and  was  Intended  as  a retrofit  f o ’ all  Army  helicopters,  par- 
ticularly the  Hueys,  which  were  exposed  to  considerable  enemy 
fire  in  their  missions.  The  penalties  associated  with  this 
survival  measure  are  reduced  fuel  capacity,  increased  empty 
weight  (about  130  lb  on  the  AH-IG),  and  increased  alrfram,e  cost. 

4.  Armored  Seats.  During  the  Vietnam  war,  there  was  a 
desire  to  reduce  the  vulnerability  of  the  aircraft  and  crew  to 
ground  fire.  The  outcome  was  an  armored  seat  development. 
Actually,  the  armor  material  had  been  developed  earlier  by  other 
manufacturers.  Bell  designed  seats  for  its  aircraft,  but  sub- 
contracted the  fabrication  to  anothei’  manufacturer. 

5.  Other  Survivability  Programs.  Bell  has  been  developing 
gears  and  transmissions  that  are  capable  of  surviving  oil  pres- 
sure loss  for  about  30  to  40  minutes.  Also,  Bell  is  working  on 
programs  to  reduce  the  vulnerability  of  flight  control  systems 
and  the  tail  boom.  These  programs  are  all  part  of  a general 
product  Improvement  program,  being  conducted  partly  under  IR&D 
with  some  sponsorship  by  the  military  service.  This  program 
may  result  in  the  development  of  vulnerability  reduction  kits 
that  could  be  retrofitted  to  existing  aircraft.  These  Bell  pro- 
grams tend  to  complement  the  Army's  aircraft  survivability  pro- 
gram discussed  below  under  standard  items. 

G . Standard  Items 

A number  of  items  included  in  the  helicopters  are  standard 
GFE.  These  include  flight  instruments,  batteries,  the  starter, 
alternator,  motor  generators,  hydraulic  accumulators,  and  hy- 
draulic pumps.  However,  components  such  as  control  actuators 
are  Bell-designed. 
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Communication  and  navigation  developments  are  being 
handled  through  the  Army  aviation  plan,  which  is  a time-phased 
plan  that  is  independent  of  any  particular  aircraft  schedule. 

The  plan  is  to  develop  standard  Integrated  equipment  for  In- 
stallation in  the  aircraft.  This  has  resulted  in  the  redesign 
of  the  aircraft,  particularly  around  the  instrument  panel,  to 
accept  the  new  equipment.  Thus,  an  Independent  development  is 
being  done  on  equipment  that  is  to  becomie  a standard  package. 

Similarly,  there  is  an  Army  program  for  aircraft  surviv- 
ability, in  which  standard  equipment  is  being  developed  and 
procured  for  installation  on  various  Army  aircraft.  This  pro- 
gram Illustrates  how  the  Army  has  created  a structure  to  in- 
dependently develop  equipment  and  to  standardize  it  for  use  in 
performing  slmiilar  functions  on  different  aircraft.  The  pro- 
gram was  initiated  as  a result  of  experience  in  Vietnam  with 
some  of  the  survivability  equipment  installed  on  Army  aircraft 
and  used  before  that  conflict  ended. 

The  survivability  philosophy  has  three  objectives:  (1) 

reduce  aircraft  detectability,  (2)  reduce  the  enemy's  weapon 
hit  probability,  and  (3)  increase  the  recovery  probability.  A 
cost-effectiveness  study  was  done  to  indicate  how  these  objec- 
tives should  be  implemented.  The  study  examined  the  missions 
and  operating  environments  for  each  type  of  Army  aircraft, 
making  an  allowance  for  the  fact  that  some  aircraft  of  the 
same  type  might  not  have  the  same  set  of  missions  depending  on 
their  assignment.  Various  subsystem  candidates  were  considered 
in  the  study.  The  outcome  was  a set  of  specific  recommendations 
for  equipping  the  Army's  aircraft  with  a number  of  survival 
means.  These  recommendations  were  translated  into  a ROC  (re- 
quired operational  capability)  for  aircraft  survivlbility 
equipment,  which  became  the  operative  document  in  this  area 
after  approval  by  the  Assistant  Chief  of  Staff  for  Force  De- 
velopment (ACSFOR).  The  responsibility  for  implementing  this 
ROC  then  devolved  to  the  Army's  Office  of  Research,  Development, 


and  Acquisition.  A five-year  program  and  a budget  were  devel- 
oped and  approved.  The  survivability  program  then  became  a 
line  item  (in  fact  several  lines)  in  the  Army's  budget,  repre- 
senting an  expenditure  of  some  $500  million  through  198O. 

This  five-year  program  is  related  to  the  individual  air- 
craft procurement  programs,  so  that  the  required  items  will  be 
available  in  time  for  inclusion  in  the  various  aircraft  being 
procured.  In  addition,  some  retrofits  on  existing  aircraft 
will  be  timed  to  take  place  when  those  aircraft  are  in  shops 
for  overhaul  or  modification  for  other  pruposes.  The  program 
will  develop,  test,  qualify,  and  procure  equipment  and  a number 
of  subsystems  for  Army  aircraft.  These  include  two  radar  warn- 
ing receivers,  a false-pulse  infrared  suppression  device,  a 
flare  dispensing  system,  engine  exhaust  deflectors  and  mixers, 
a chaff  dispensing  system,  camouflage  paint  schemes,  armored 
seats,  dual  control  systems,  and  low  reflectance  canopies.  As 
noted  above,  not  all  of  these  items  will  be  installed  on  each 
aircraft.  Instead,  the  aircraft  v/ill  be  outfitted  with  equip- 
ment appropriate  to  their  missions  and  operating  environment. 
Thus,  for  example,  two  UH-1  aircraft  with  different  assignments 
might  have  different  survivability  equipment. 

The  survivability  program  cuts  across  the  various  aircraft 
programs,  and  it  must  interface  with  the  system  program  managers 
to  ensure  that  scheduling  and  integration  take  place  as  needed. 
An  officer  in  the  Army's  Office  of  Research,  Development,  and 
Acquisition,  who  is  designated  a DASC  (Department  of  the  Army 
System  Coordinator ) , is  assigned  to  each  aircraft  program.  The 
DASC  coordinates  the  survivability  and  other  commodity-type  pro- 
grams with  the  aircraft  program  manager  to  make  sure  that  the 
directives  for  including  the  equipment  are  properly  Implemented. 

The  survivability  equipment  is  being  developed  independ- 
ently of  aircraft  programs  with  6.3  or  6 . program  funds.  As 
part  of  the  development  work,  the  equipment  is  Integrated  and 
tested  in  the  aircraft  to  ensure  that  it  fits  and  works  properly 
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in  the  aircraft's  operating  environment  and  that  it  does  not 
interfere  with  other  subsystems.  In  some  cases,  the  equipment 
that  is  being  developed  is  currently  planned  for  only  one  type 
of  aircraft.  This  is  true,  for  example,  of  the  flare  decoy 
system  that  will  be  Installed  only  in  the  CH-47  aircraft.  Also, 
the  configurations  of  the  various  mixers  for  diluting  the  ex- 
haust gasses  are  highly  specific  to  the  aircraft,  although  the 
same  engine  configuration  will  be  used  on  both  the  AH-1  and 
UH-1.  Nevertheless,  the  developments  are  under  the  control  of 
the  survivability  program  office  and  are,  therefore,  independ- 
ent developments. 

H . Night  Vision 

A need  is  emerging  for  a high-resolution  FLIRs  with  a 
narrow  field  of  view  for  accurate  weapon  aiming.  Also,  there 
is  a supplementary  need  for  a wider  field  of  view  for  the  pilot, 
who  must  avoid  obstacles  while  flying  low  at  night.  Several 
programs  are  under  development  in  this  area.  One  is  a Marine 
Corps  program  called  NOGS  (night  optical  gun  sight).  In 
addition,  the  Air  Force  uses  an  operational  FLIRs  on  C-130  gun- 
ships  and  the  Navy  uses  one  on  its  S-3  ASW  aircraft.  Bell  has 
no  special  part  in  these  programs,  but  it  does  monitor  them 
for  their  potential  for  incorporation  of  its  aircraft. 

Another  possible  Independent  development,  by  Northrop,  is 
a gated  laser  for  use  with  a low-light-level  TV  system.  The 
Intent  here  is  to  overcome  the  limitation  of  infrared  system 
resolution  and  to  reduce  "crosstalk"  between  detector  com- 
ponents . 

I . Control  System 

Bell  is  developing  a helicopter  fly-by-wire  system  under 
IR&D,  which  might  be  applicable  to  any  of  its  aircraft. 
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V.  INTEGRATION  PROBLEMS  OF  HELICOPTER  WEAPONS 


Helicopters  have  a number  of  characteristics  that  make 
them  poor  candidates  for  weapon  delivery  platforms.  They  vi- 
brate significantly  more  than  do  fixed-wing  aircraft,  and  they 
have  deflection  and  bending  modes  that  create  serious  bore- 
sighting problems.  Since  their  complex  structures  have  many 
modes  of  vibration,  resonance  with  rapid  firing  weapons  can 
cause  wild  gyrations,  if  not  structural  failure,  of  the  heli- 
copters. The  usual  preventive  measure  is  to  control  structural 
stiffness.  But  it  is  nearly  impossible  to  tell  in  advance  which 
part  of  the  structure  is  going  to  provide  the  problemi.  Rockets 
and  missiles  provide  overpressures  that  can  erode  or  damage 
structural  parts  and  skin.  In  addition,  they  create  debris 
that  can  damage  the  parts  of  the  aircraft.  Some  weapons,  such 
as  the  WECOM  30,  are  considered  to  have  too  much  recoil  for  a 
helicopter.  Because  the  attitude  of  a helicopter  is  a function 
of  its  speed,  helicopter  weapons  cannot  be  fixed  in  elevation 
without  degrading  their  performance. 

The  fire-control  systems  present  some  problems,  particu- 
larly in  space  needs.  The  original  system,  was  a pantograph 
that  mechanically  pointed  the  weapons  in  the  direction  the 
gunner  aimed  the  sight.  The  sights  have  become  more  sophisti- 
cated with  a need  for  an  optical  path  to  the  gunner.  When  the 
gunner  was  moved  to  the  rear  seat  to  improve  the  pilot's  ability 
to  fly  "nap-of-the-earth , " the  sighting  system,  that  conducted 
sensings  from  a nose  sensor  to  the  gunner  had  to  be  repackaged. 
Since  helicopter  control  is  sensitive  to  c.g.  location,  chang- 
ing one  component  may  require  changes  in  the  location  or  arrange- 
m.ent  of  other  components. 

Further  work  is  being  done  to  improve  the  helicopter  for 
night  fighting.  Devices  such  as  low-light-level  TV  and  FLIR 
have  been  tested.  Now  Bell  has  a contract  to  add  the  TOW  to 
the  aircraft.  Actually,  this  is  not  a new  concept,  since  the 
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SS-ll  v.'lre-guided  missile  had  been  fired  from  the  aircraft 
many  yeai's  ago . 

VI.  RESULTS 

The  results  of  the  case  study  of  the  UH-l/AH-1  subsystems 
are  listed  in  Table  A-1.  Histories  of  the  subsystems  are  di- 
vided into  three  major  categories  in  the  table:  source,  de- 

velopment route,  and  requirement.  The  subheadings  under  each 
category  indicate  hov/  each  subsystem  v;as  derived,  and  they  are 
defined  below. 


i 


A . Source 

1 .  Prime.  The  prime  contractor  receives  the  basic  contract 
for  the  development  and  production  of  the  system,  in  this  case 
the  UH-1  series  of  aircraft,  and  is  responsible  for  the  design 
and  manufacture  of  the  aircraft,  the  integration  of  all  sub- 
systems and  components  in  the  airframe,  including  GFE  and  CFE 
(contractor-furnished  equipment).  Components  and  subsystems 
that  are  not  supplied  as  GFE  may  be  purchased  by  the  contractor 
from  other  vendors.  However,  the  prime  contractor  is  respon- 
sible for  the  quality  of  all  CFE. 


2.  Subcontractor.  A subcontractor  is  chosen  by  the  prime  con- 
tractor to  supply  hardware  that  is  to  be  used  on  the  aircraft. 
The  subcontractor  may  also  design  the  hardware,  or  it  may  sim- 
ply manufacture  the  hardware  to  the  prime  contractor's  design 
and  specifications.  Normally,  the  engine  is  carried  as  GFE; 
however,  the  engine  is  such  an  integral  part  of  the  aircraft 
and,  in  this  case  at  least.  Bell  and  the  engine  manufa..c%tlrer 
worked  so  closely  together  that  the  engine  was  GFE  only  in  a 
formal  sense.  /' 


3.  GFE.  Government-furnished  equipment  includes  subsystem's 
and  equipment  such  as  "comnav"  avionics,  survivability  equip- 
ment, flight  instruments,  and  gertaln  electrical  and  hydraulic 
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TABLE  A-1.  DERIVATION  OF  UH-I  AND  AH-1  SUBSYSTEMS 


Development  Route 


Requirement 


Subsystem 

T-53 

T-53-L-1A 

-L-5 

-7 

•9 

-10 

-13 

Transmissions 

Original 

Uprated 

Fail-Safe 

Rotors 
Original 
New  Sizes 
New  Airfoil 
Production  Method 

Weapons 
Turrets 
Fire  Control 
Integration 
Sighting  S Tracking 

Stabilizer 
Model 
* , nved 

Cabin 

UH-1 

AH-1 

Survivabi 1 ity 
IR  Suppress 
£W 

Landing  Gear 
Fuel  Cells 
Armored  Seats 
Vulnerability  Reduction 

Night  Vision 
NOGS 
FLIR 

Laser-LLLTV 

Flight  Equipment 
Instruments 
Motors,  Generators 
Accumulator 
Actuators 
Comnav 

Flight  Control 
Fly  by  Wire 


Product  Directed  Independent 

Prime  Sub  GF£  iR&p  ' Improvement  Development  Available  Development  Firm  Preliml nary  Generic 


Note:  Some  available  items  may  have  been  earlier  independent  development. 
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operating  components.  In  general,  such  equipment  Is  specified 
In  the  contract  awarded  to  the  prime  contractor,  who  Is  re- 
sponsible for  ensuring  that  the  equipment  Is  properly  Inte 
grated  Into  the  aircraft.  In  some  cases,  however,  the  de- 
velopment program  for  the  equipment  may  have  Ir  luded  the  test- 
ing of  the  equipment  In  each  aircraft  to  ensure  that  It  could 
be  appropriately  Integrated  and  qualified. 

B . Development  Route 

Five  possible  routes,  leading  to  the  development  of  a sub- 
system, are  recognized  here.  It  Is  possible  that  more  than  one 
of  these  routes  would  be  taken  In  developing  a particular  sub- 
system. Moreover,  the  different  routes  are  not  always  clearly 
distinguishable  from  each  other.  In  assigning  the  routes  In 
this  case  study,  a certain  amount  of  judgment  has  been  exer- 
cised . 

1 . IR&D  (Independent  Research  and  Development).  This  Is  R&D 
that  a contractor  might  do  the  produce  new  military  products, 
or  to  make  Improvements  to  those  already  produced.  IR&D  Is 
funded  from  contractor  overhead,  a practice  allowed  by  the 
Government.  The  funding  Is  limited  to  an  overall  proportion  of 
each  contractor's  defense  business  and  Is  not  supervised  by  the 
Government,  except  In  accounting  for  the  total. 

2.  Product  Improvement.  Product  Improvement  Is  a form  of  di- 
rected development  that  Is  aimed  at  Improving  the  characteris- 
tics of  the  system  or  subsystem.  Here,  It  Is  distinguished  from 
directed  development  to  Indicate  that  It  has  Improvement  as  a 
goal  rather  than  the  accomplishment  of  something  new  and,  there- 
fore, It  uses  a partial  or  Incremental  approach.  Some  IR&D 
might  also  be  considered  to  be  In  this  category. 

3.  Directed  Development.  A subsystem  fits  Into  this  develop- 
ment category.  If  It  Is  developed  specifically  for  the  first 
system  In  which  It  Is  to  be  Incorporated.  Therefore,  Its  de- 
velopment parameters  are  determined  by  the  program  manager,  who 
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Is  responsible  for  the  overall  performance  of  the  system.  Pro- 
gram managers  seem  to  prefer  this  approach,  because  they  feel 
that  they  can  do  a better  job  of  integrating  and  optimizing  the 
system  with  subsystems  designed  explicitly  for  the  system. 
However,  the  development  risks  are  higher  and  the  cost  is 
usually  greater.  On  the  other  hand,  an  off-the-shelf  subsystem 
is  sometimes  expensive  and  provides  better  performance  than  a 
particular  system  requires.  In  such  cases,  a low-risk,  low- 
cost  directed  development  might  be  justified. 

4.  Aval  Table.  Subsystems  become  available  from  earlier  devel- 
opments, because  they  happen  to  be  capable  of  meeting  the  re- 
quirements for  the  new  system,  or  because  they  are  standardized 
in  view  of  the  functions  they  perform  (i.e.,  their  functions 
are  general  enough  for  a number  of  systems  to  use  them).  Such 
subsystems  are  often  GPE,  but  they  need  not  be,  unless  the  con- 
tract calls  for  it.  Note  that  an  "off-the-shelf"  item  is  not 
necessarily  sitting  on  the  shelf.  It  must  be  manufactured  to 
an  existing  design,  which  means  that  time  m.ust  be  allowed  for 
procurement,  manufacturing,  testing  and  inspection. 

5.  Independent  Development.  A subsystem  developed  this  way  is 
developed  Independently  of  the  particular  system  to  which  it 
might  be  fitted.  It  is,  in  fact,  often  developed  as  a standard 
item  that  is  to  be  fitted  to  a number  of  systems,  where  the 
performance  of  a common  function  might  be  required.  Independent 
development  might  also  be  undertaken  early,  to  provide  a com- 
ponent of  a system  for  which  the  lead  time  is  too  long.  How- 
ever, this  presents  problems  in  that  the  requirements  might 
change  during  the  system  development  and,  thus,  provide  a sub- 
system designed  to  the  wrong  specification. 


Requi  renient 


Three  types  of  requirements  for  a subsystem  development  are 
recognized . 


1.  Firm.  There  is  a specific  requirement  for  the  subsystem. 

The  desired  performance  for  the  subsystem  has  been  specified 
and  the  using  system  has  been  chosen,  although  it  may  not  yet 
be  fully  designed. 

2.  P re  1 1 mi na ry . There  is  a general  requirement  for  the  sub- 
system in  the  sense  that  approxim.ate  performance  parameters 
have  been  generated,  but  the  system  is  not  yet  fully  definec 
and  the  system  requirement  has  not  yet  received  official  sanc- 
tion . 

3.  Generic.  There  is  a general  requirement  for  the  subsystem 
function,  and  equipment  developed  to  perform  this  function  will 
be  used  in  several  different  types  of  systems. 

VII.  CONCLUSIONS 

First,  it  is  clear  that  all  of  the  modes  we  have  identi- 
fied have  occurred  in  this  series  of  developments  of  the  UH-1 
and  AH-1.  It  is  also  clear  that  little  of  what  might  be  called 
independent  development  occurred.  The  only  cases  in  which  it 
did  occur  are  those  in  which  the  subsystems  had  a general  ap- 
plication, and  so  they  were  being  developed  as  standard  units 
for  incorporation  in  a num.ber  of  types  of  aircraft.  These  in- 
clude the  stabilized  tracking  unit,  electronic  warfare  sub- 
systems, the  "comnav"  system  (part  of  an  overall  Army  avionics 
program),  night  vision  equipment,  and  survivability  items.  All 
other  GFE  (not  including  engines)  were  earlier  systemi  develop- 
ments. The  one  exception  is  the  first  Lycoming  engine  contract, 
which  was  turned  into  a directed  development  after  the  aircraft 
was  more  clearly  defined  and  it  turned  out  that  the  original 
requirements  would  have  provided  an  inadequate  engine. 

This  leads  to  the  first  conclusion.  Independent  develop- 
ment (contracted)  was  not  a factor  in  the  developmental  history 
of  the  UH-l/AH-1  aircraft.  Unless  the  prime  contractor  was  re- 
qul.'’ed  to  adapt  subsystems  to  its  design,  either  by  contract  or 
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lack  of  in-house  expertise,  it  tended  to  develop  what  it 
needed.  There  were  a few  items  that  the  contractor  accepted 
for  integration  into  its  aircraft,  after  they  had  been  devel- 
oped; however,  these  received  special  treatment  in  order  to 
make  the  adaptation.  This  Included  the  weapon  systems,  which 
had  to  be  Installed  in  turrets  for  useful  adaption  to  the  heli- 
copter, and  optical  sights,  which  must  be  carefully  integrated 
into  the  aircraft  if  they  are  to  perform  properly. 

The  second  conclusion  is  that  the  standard  subsystems  used 
by  the  contractor  in  its  aircraft  were  usually  GFE  that  had 
been  developed  for  general-purpose  use  in  Army  aircraft.  Vir- 
tually every  other  subsystem  and  its  improvemients  were  devel- 
oped by  the  prime  contractor,  either  under  IR&D,  product  im- 
provement, or  directed  developmient ; most  of  the  developments 
consisted  of  modifications  to  the  basic  aircraft  to  change  its 
characteristics  for  different  mission  requirements. 

The  third  conclusion  then  is  that  the  prime  contractor 
provided  the  bulk  of  product  Improvem.ent  developments  and  tried 
to  extend  its  envelope  of  expertise.  Only  where  a new  capabil- 
ity was  required  (e.g.,  weapon  delivery)  did  the  contractor  go 
outside  his  field  of  competence  to  obtain  the  necessary  sub- 
systems. Even  then,  there  was  substantial  prime  contractor  in- 
put to  integrate  these  new  subsystems  into  the  aircraft.  Here 
also,  the  degree  of  the  prime  contractor's  contribution  varied. 

In  some  cases,  it  was  simply  handed  a subsystem,  that  it  had  to 
fasten  to  the  aircraft.  In  other  cases,  such  as  fuel  cells  and 
armor,  the  prime  contractor  used  basic  materials  that  had  been 
developed  by  another  industrial  company  as  a basis  of  design 
for  its  own  aircraft.  At  other  times,  the  prime  contractor 
worked  closely  with  a weapons  system  manufacturer  to  design  an 
interface,  whereby  the  weapon  could  be  installed  on  the  aircraft. 

Some  other  observations  are  worth  noting  here.  The  UK-1 
and  its  derivatives  are  examples  of  the  Impact  that  an  aggressive 
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contractor  can  have  on  the  development,  utilization,  and  mod- 
ification of  a system.  Bell  tended  to  Ignore  the  formal  pro- 
genitor of  system  requirements,  the  Transportation  Corps.  In 
fact,  it  regarded  them  almost  as  an  enem.y . Bell  set  up  good 
working  relationships  with  the  users.  Army  Aviation  and  Combat 
Development  personnel.  It  provided  them  with  information  on 
performance  and  technical  possibilities  that  resulted  in  the 
development  of  new  tactical  concepts  in  which  helicopters  were 
employed  as  a major  m.eans  of  military  mobility.  These  concepts 
led  to  the  use  of  armed  helicopters  that  provided  mobile  tac- 
tical firepower.  In  the  course  of  developing  and  realizing 
these  concepts.  Army  Aviation  and  Bell  ran  into  stiff  opposi- 
tion from  sources  that  include  the  Air  Force,  the  DOD,  the 
Army's  Transportation  Corps,  and  Bell's  competitors.  The  pur- 
pose of  noting  these  events  is  not  to  make  Bell  appear  to  be 
her-olc;  Instead,  it  is  an  attempt  to  describe  hov;  things  hap- 
pened in  this  particular  case. 


This  leads  to  the  foui'th  conclusion.  A close  relationship 


and  some  of  its  military  clients  were  decisive  factors  in  the 

ori.'inal  develournen 

’ of 

the  Huey,  and  the  follow-on  developments 

of  Its  Imi  f'  v-rr.t- r.i-  s 

and 

derl vat i ves . 

Finally,  we  c 

le  that  the  transfer  of  technology  from 

the  techn'  1 b-vs 

W ^ 3 

readily  accomplished  by  the  contractor 

throuf^h  Ir.  remei'i 

4-  - 

qpi-'  a'-’.'.  ‘hat  relied  substantially  on 

IR&D  and  dire 


dp-' 


:.t 


BIBLIOGRAPHY 

Bell  Helicopter  'ompany , History  of  the  Model  209  Hueycobra 
N209J , 11  Hoven.ber  19^'. 

Bell  Helicopter  Corripany , Military  Products  Reference  Data, 
October  1973- 


Bell  Hellcop'ter  Company,  The  2I4B — Evolution  of  a Modern  Medium 
Lift  Helicopter. 


w 


Clark,  Manley  W.  et  al.,  "Identification  and  Analysis  of  Army 
Helicopter  Reliability  and  Maintainability  Problems  and  De- 
ficiencies," USAAMRDL  Technical  Report  72-llA,  American  Power 
Jet  Company,  April  1972. 

DMS  Market  Intelligence  Report,  Military  Aricraft. 

Elchinger,  Gilbert  G.,  "UH-1  Airframe  Historical  Cost  Study 
(Finalized  Contracts  for  FY  1955  Through  FY  1963)*"  USAAVSCOM 
Technical  Report  No.  70-2,  U.S.  Army  Aviation  Systems  Command, 
St.  Louis,  MO.,  April  1970. 


A-28 


V.  ' 


■T 


H,»|  I— III  u.-  - 


APPENDIX  B 


HISTORY  OF  CHEYENNE  HELICOPTER 


APPENDIX  B 


HISTORY  OF  CHEYENNE  HELICOPTER 

This  section  reviews  the  history  of  the  Cheyenne  (AK-56A) 
aircraft.  Emphasis  is  placed  on  the  genesis  of  requirements  in 
an  effort  to  discover  whether  earlier  development  of  critical 
subsystems,  or  the  use  of  available  components,  might  have  ef- 
fected a different  outcome. 

The  historical  portions  were  pieced  together 
from  a combination  of  sources,  and  it  is  im- 
possible to  attribute  completely  the  source 
of  each  piece  of  information.  The  most  com- 
prehensive account  of  the  Cheyenne's  history 
is  contained  in  Ref.  B-4,  which  was  used  as 
a major  source  for  the  data  presented  herein. 

A calendar  of  events  in  the  Cheyenne's  history  is  given  in 
Table  B-1.  Appropriate  events  are  amplified  and  discussed  in 
the  remainder  of  the  appendix. 

I.  EVOLUTION  OF  THE  REQUIREMENT  FOR  ARMY-OWNED  ARMED  HELICOPTERS 

- The  Involvement  of  the  United  States  in  the  Korean  War  in 

the  early  1950s  saw  the  first  extensive  use  of  helicopters  In 
military  activity,  and  it  started  military  planners  thinking 
about  their  further  use.  The  notion  of  helicopters  as  fighting 
vehicles  was  given  further  impetus  by  a "roles  and  missions" 
dispute  between  the  Army  and  the  Air  Force.  A major  issue  in 
this  dispute  centered  on  the  mission  of  close  air  support.  In 
the  late  1950s,  the  dispute  was  temporarily  resolved  by  an  agree- 
ment between  the  Secretaries  of  the  Army  and  Air  Force  to  re- 
strict Army  fixed-wing  aircraft  to  5000  lb  gross  weight.  Ex- 
ceptions to  this  limitation  were  granted  for  the  Caribou  and  the 

Mohawk,  neither  of  which  was  a threat  to  the  Air  Force  monopoly 
r 
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TABLE  B-1.  EVENTS  IN  THE  HISTORY  OF  THE  CHEYENNE  HELICOPTER 

(AH-56) 

1955  1956  1957  19M  19W  19H  \%2  19«  1^  1_967  1^69  JJTJ^  197? 

• Ami>  Concept  Formuldtion 

• Anned  Helicopter  Concept  (Bell) 

• Sky  Cdvdlry  Platoon  (Amy) 

• Army  Aircraft  Limitation 

• T-64  Oewelocurent  Started 

• kH-51  First  Flight  (Lockheed) 

• QMR  Anred  Helicopter 

• Marnor  (Bell } 

• fieri  in  Crisis 

• Taytor»Rostow  Mission  to  Vietnan 

• UH-1B  In  Combat 

• Army  Plans  Fire  Support  AircraH 

• Mrmy  Establishes  Project  Office 

•Siou»  Scout  (Bell  4 Emerson) 

• T-64  Engine  Oual’fled 

♦ PCP  4 TOP  Submitted 

. RFP  for  Ar«.ed  VTOl  (AAFSS) 

• AAFS5  Project  Deiinition  (Lockheed  4 Suorsky) 

• QMDO  For  Arred  Helicopter  Approved 
• Hjey  Cobra  Polled  Out 
•First  Cavalry  Deployed  to  Vietnar 

• UH-8  in  Combat 

•Interim  Armed  Helicopter  Becomes  a Peouirement 

• Lockneed  Chosen  to  Develop  AAFSS 

• JMR  Approved 

• AH-1  Selected  as  Interim  Armed  Helicopter 

» In  Process  Review  Approves  Ah-56A 
• First  AH-56  RoI 1 Out 
• first  AH-56  Flight 

• Anty  E»erclses  am-56A  Production  Option 
• Emergency  Landing  AH-56A  Damaged 
• Rotor  Blades  Strike  AW.56A  Canopy 

• AM-56A  Fatal  Crash 

• Cure  Notice  to  Lockheed 

• Army  Ter^’nates  ProduCt’On  Contract 

• Army  Orders  AH-1 

• Ah-56  Dismteorates  in  wind  Tunrel 

• Arm,  Investigation  fila-^s  Loc»''eec 
for  Fatal  Crash 

• ».rm.v  Refuses  Ah. 564 

Production 

• Ah-56  ne»elopmert 
Su'C-onded 
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of  the  close  air  support  mission.  However,  in  1966,  the  Air  Force 
took  over  the  Caribou  as  an  Intratheater  transport,  while 
giving  up  all  claims  to  helicopters  designed  and  operated  for 
Intratheater  movement  and  supply  of  Army  forces. 

In  addition  to  the  exclusive  right  to  perform  the  close 
support  function,  in  a kind  of  "Catch-22"  arrangement,  the  Air 
force  also  retained  the  right  to  apportion  aircraft  to  missions. 
The  Air  Force  doctrinal  order  of  mission  priority  was:  air  de- 

fense, interdiction,  and  then  close  support.  Moreover,  the 
Arm.y  had  considerable  skepticism  about  the  Air  Force's  capabil- 
ity to  perform  close  support  usefully  with  the  high-speed  jet 
aircraft  it  was  procuring. 

Thus,  the  Army  could  neither  select,  nor  own,  nor  control 
the  use  of  aircraft  in  supporting  ground  operations.  Naturally, 
the  Army  became  Interested  in  acquiring  its  own  armed  vehicles. 

The  1961  Berlin  crisis  resulted  in  an  increased  emphasis 
on  giving  the  Army  Increased  capability  to  fight  major  wars 
both  in  Europe  and  in  Asia.  President  Kennedy,  Interested  in 
providing  more  flexibility  in  possible  responses  after  the  era 
of  "massive  retaliation",  called  for  an  Increased  budget  for 
Army  aircraft. 

Aircraft  armament  at  this  time  was  relatively  primitive. 
Rocket  launchers  and  machine  guns  had  been  hard-mounted  on  the 
landing  skids  of  the  UH-1  utility  helicopters  and  vjere  being 
used  for  suppressive  fire.  But  because  of  the  unstable  nature 
of  helicopters,  and  the  difficulty  of  controlling  attitude  and 
speed  Independently  of  each  other  and  independently  of  the 
wind  during  hover,  such  weapon  installations  were  ineffective. 

In  addition,  the  196I  guidelines  would  not  permit  arm.ing  a 
helicopter  with  more  than  one  weapon  at  a time.  Thought  was 
being  given  to  the  use  of  helicopter  rockets  as  a kind  of 
j,,  artillery  for  suppressive  fire,  and  also  to  the  use  of  the 

SS-11,  a French  developed  wire-guided  missile,  which  offered  a 
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promising  way  to  attack  small  hard  targets  such  as  tanks  and 
bunkers . 

Several  more  ingredients  were-  added  to  what  was  becoming 
a boiling  pot  of  Army  aviation.  The  United  States  was  provid- 
ing minor  assistance  to  the  South  Vietnamese  Government.  Some 
of  this  assistance  involved  the  use  of  a few  helicopters.  But 
the  war  in  South  Vietnam  was  not  going  well.  In  October  1961, 
President  Kennedy  sent  General  Maxwell  Taylor  and  Walt  Rostow 
to  Vietnam  to  examine  the  situation.  One  of  the  conclusions 
of  this  visit  was  to  call  for  a larger  U.S.  effort.  Heli- 
copters were  to  play  a major  part  in  such  an  effort. 

II.  TECHNOLOGY  ADVANCES 

In  the  1950s  and  early  1960s,  a number  of  technology  ad- 
vances to  armed  helicopters  v/ere  made.  Suitable  turbine  engines 
were  developed,  and  improved  rotor  blades,  honeycomb  materials, 
and  simplification  of  rotor  hubs  were  occurring.  Schemes  for 
vertical  thrust,  other  than  pure  rotor  lift,  were  evolving. 

The  Army  sponsored  the  fabrication  and  testing  of  a num;ber  of 
flight  vehicles  that  used  several  different  principles  to 
achieve  vertical  takeoff  or  landing  (VTOL).  One  of  these 
schemes  was  the  compound  helicopter.  The  vehicle  was  equipped 
with  a rotor  for  hovering  and  vertical  motion,  and  a wing  and 
propulsive  means  other  than  the  rotor  so  that  the  rotor  could 
be  unloaded  in  forv/ard  flight.  The  compound  machine  potentially 
offered  a number  of  significant  advantages  over  conventional 
helicopters  and  fixed  wing  aircraft,  while  seemingly  having 
only  minor  disadvantages  of  its  ovm . For  example,  a compound 
helicopter  could  slow  down  rapidly  while  attacking  a surface 
target,  thereby  increasing  target  tracking  time.  By  increasing 
thrust,  the  aircraft  could  accelerate  while  tracking  a target, 
without  going  into  the  nose-down  position  of  conventional  heli- 
copters. The  separation  of  forward  propulsion  from  the  rotor 
permitted  hovering  in  a range  of  pitch  attitudes,  thereby  making 


it  easier  to  aim  rockets  and  acquire  the  TOW  missile  after 
launch.  In  addition,  the  "unloaded"  rotor  had  the  potential 
for  increased  range  and  speed  and  lower  fuel  consumption.  Con- 
siderable maintenance  benefits  from  "unloading"  the  rotor  were 
also  expected. 

In  1962,  the  U.S.  Army  Aviation  Laboratories  (AvLabs) 
awarded  rotorcraft  research  contracts  to  five  U.S.  manufactur- 
ers for  testing  compound  aircraft  of  various  configurations. 

These  contracts  had  the  goal  of  determlnglng  fundamental  aero- 
dynamic and  dynamic  limitations,  which  contribute  to  performance 
limits  of  compound  rotorcraft  that  em.ploy  shaft  driven  rotors. 

One  of  the  five  manufacturers  was  Lockheed,  which  had  built  a 
rigid  rotor  aircraft  known  as  the  XH-5IA.  Development  of  this 
concept  had  been  started  by  Lockheed  with  a radio-controlled 
model,  which  subsequently  led  to  the  design  and  construction  of 
the  manned  vhelcle.  The  first  flight  of  the  XH-51A  occurred  in 
1959  and  was  followed  by  a highly  successful  test  program.  By 
1962,  the  XH-5IA  had  been  shown  to  have  satisfactory  stability, 
control,  handling,  vibration,  and  stress  and  loading  character- 
istics up  to  a speed  of  175  knots.  A dynamic  instability  prob- 
lem had  been  noted  under  certain  conditions  of  flight,  but  this 
was  hot  considered  to  be  a difficult  problem,  since  the  per- 
formance envelope  could  be  adjusted  to  avoid  such  conditions. 

Scaling  problems  in  this  characteristic  were  not  anticipated. 

The  results  of  the  AvLabs  program  were  used  by  the  Army 
in  establishing  performance  specifications  for  the  Advanced 
Aerial  Fire  Support  System  (AAFSS).  Continuing  its  work  with 
the  XH-51A,  LocKheed  in  196^^  was  awarded  a contract  with  the 
Army  to  further  evaluate  the  XH-51A,  setting  a speed  goal  of 
about  200  knots.*  Up  to  this  point,  Lockheed's  system  was  performing 

U 

By  1969,  the  XH-51A  had  been  flown  at  speeds  up  to  263  knots, 
e a limit  reported  to  be  caused  by  compressibility  effects  on 

the  advancing  blade.  It  was  proposed  to  slow  down  the  rotor 
i as  a means  of  achieving  300  knots  in  level-flight  speed;  even 


well,  showing  considerable  promise  for  achieving  the  high  speeds 
and  other  characteristics  desired  by  the  Army  in  a gunship. 

There  were  applicable  developments  in  other  fields  as  well. 
Suitable  avionics,  including  helicopter  stability  augmentation 
systems,  navigation  systems,  terrain  avoidance,  and  a variety 
of  weapons,  were  becoming  available  for  armed  helicopters. 

Array  planners  and  conceptual  thinkers  had  a great  deal  of  mate- 
rial to  consider  for  use  in  future  Army  systems. 

III.  ENGINE 

The  T-64  engine,  which  was  selected  for  use  ir  the 
Cheyenne,  is  discussed  here  in  some  detail,  since  it  was  an 
early  Independent  and  speculative  development  that  was  under- 
taken by  the  Navy  in  anticipation  of  multiple  system  require- 
ments. This  particular  GFE  subsystem  created  no  problems  for 
the  AAFSS  development;  Instead,  it  was  a positive  asset. 

The  T-6^  engine  has  been  used  in  over  a dozen  types  of 
Navy  and  civil  aircraft  as  shown  in  Table  B-2.  Development  of 
this  engine  was  initiated  by  the  Navy  in  1956-57,  at  a time 
when  there  was  .no  specific  user  for  the  engine  but  a set  of 
possible  applications  instead.  These  applications  were  speci- 
fied in  a 1956  Navy  Bureau  of  Aeronautics  Requirement  (Ref.  B-1) 
as  a High  Speed  Assault  Transport  Helicopter,  an  ASVI  Helicopter, 
and  a Carrier  Based  AEW  Fixed  Wing  Aircraft.  The  Navy  had  in 
mind  a .number  of  other  possible  uses  for  the  engine.  Including 
a replacement  for  the  AD  fighter,  but  these  were  not  named  in 
the  requirement.  The  requirement  describes  briefly  the  mis- 
sions, estimates  the  weights  of  the  aircraft,  and  specifies  an 
Initial  rating  for  the  engine  of  2650  hp  (military)  and  2250  hp 
(normal).  The  requirement  also  explicitly  states  that  the  de- 
sign should  allow  growth  in  these  ratings  up  to  350C  hp  and 
3000  hp , respectively.  The  development  schedule  called  for 
turboshaft  qualification  by  the  middle  of  196I  and  turboprop 
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TABLE  B-2.  APPLICATIONS  OF  T-64  TURBINE  ENGINE 
( From  Ref . B-2 ) 


Max.  Rated 

Ai rcraft 

Dash  No. 

Power 

Designation 

Enqines/Ai rcraft 

-K-3) 

3080 

XC-142A  Tiltwing  VTOL 

4 

HH-53B 

2 

-6 

3080 

CH-53A 

2 

-7 

3925 

HH-53C 

2 

-7A 

3936 

(Growth  version 

of  -7) 

-10 

2850 

SHIN  MEIWA  PS-lj 

4^ 

KAWASAKI  P-23  | 

2 

-16 

3925 

AH-56A 

1 

-413 

3925 

CH-53D 

RH-53D 

CH-53G 

2 

2 

2 

-415 

4380 

RH-53D 

2 

CH-53E 

3 

-820 

3060 

DHC-7  BUFFALO 

2^ 

G-222  (AERITALIA) 

2^ 

-P4D 

3400 

G-222  (AERITALIA) 

2^ 

^Produced 

in  Japan 

under  license. 

^Canadian 

-built  airplane. 

^Italian 

prototype 

airplane. 

^Italian 

production 

airplane. 
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qualification  by  the  nilddle  of  1963.  Total  development  cost 
was  to  be  about  $6l  million.  The  engineering  development 
schedule  is  shown  in  B’lg.  E-1. 


0 5 10  15  20  25  30  35  40  45  50  55  60 

MONTHS  FROM  START 
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FIGURE  B-1 . Engineering  Development  Schedule  for  T-64  Engine 


The  General  Electric  proposal  to  develop  the  engine  in- 
cluded the  use  of  a compressor  that  GE  had  developed  with  its 
own  money.  The  development  contract  was  awarded  to  GE  in  1957. 
Some  time  after  development  had  started,  the  Navy  decided  that 
the  engine  should  have  somewhat  more  power  than  was  originally 
called  for.  In  this  case,  there  was  no  need  for  a design 
change,  since  the  engine  was  already  providing  a higher  pcwer 
output.  Eventually,  the  first  version  of  the  engine  qualified 
at  2810  hp. 

Early  in  the  qualification  period,  a few  probler.s  were  en- 
countered, Including  combustor  failure,  lubrication  difficulty, 
and  compressor  blade  weakness.  The  fixing  of  these  problems 
added  two  years  to  the  original  development  tim.e.  However, 
this  may  have  been  more  of  a help  than  a hindrance,  at  least 
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to  the  contractor  and  perhaps  to  the  Ilavy , since  no  application 
for  the  engine  was  ready  when  the  development  was  originally  to 
have  been  completed.  But  dui'ing  the  time  extension,  the  Ilavy 
decided  to  use  the  engine  in  the  CH-53  helicopter.  It  also  was 
selected  for  use  in  the  XC-1^2  tiltwing  transport  and  the  DHC-7 
Buffalo  transport.  As  early  as  196I , the  engine  was  being 
flown  in  a test-bed  DHC-4  Caribou,  a 3-ton,  fixedwing  aircraft 
that  the  Army  wanted  to  use  as  an  intratheater  transport . The 
Caribou  had  originally  been  built  with  piston  engines,  which 
provided  rather-  mediocre  performance.  With  the  turbine  engines, 
its  performance  was  little  short  of  spectacular,  particularly 
its  short-field  capabilities.  However,  this  aircraft  becarr.e  a 
victim  of  the  Army/Air  Force  "roles  and  missions"  dispute  and 
never  survived  the  prototype  stage. 

A Navy  19^3  annual  report  (Ref.  B-3)  shows  that  there  v:ere 
no  significant  differences  between  the  original  performance  values 
of  the  engine,  as  conceived  in  1956,  and  the  values  that  would 
be  characteristic  of  fleet  T-6il  engines,  except  in  the  engine 
v/eights.  The  turboshaft  engine  was  20%  lighter  than  the  orig- 
inal requirement,  and  the  turboprop  engine  was  3S  heavier. 
Moreover,  the  development  cost,  despite  the  nearly  two-year  de- 
lay, was  less  than  5%  over  the  estimated  cost. 

In  the  follow-on  program,  the  engine  was  successively  up- 
rated several  times  to  a final  value  of  ^380  hp . This  growth 
was  achieved  primarily  by  cooling  the  first-stage  turbine  rotor 
and  stator.  Possible  grov;th  beyond  5000  hp  is  considered  pos- 
sible by  cooling  the  second-stage  turbine.  Consistent  with 
the  multiuse  requirement,  the  T-6^  engines  v;ere  qualified  to 
operate  at  from  100  degrees  nose-up  to  ^5  degrees  nose-down. 
Eventually,  T-6^  variants  were  used  in  a number  of  versions  of 
the  H-53  helicopter  and  several  other  applications.  By 
February  197^,  a total  of  18OO  T-6^  engines  had  been  produced 
in  the  United  States.  In  addition,  production  was  licensed  in 
Germany,  Italy,  Britain,  and  Japan. 
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By  the  time  the  Cheyenne  competition  was  started,  the  T-6^ 
was  fairly  widely  used  and  the  Cheyenne  requirements  were  well 
within  its  range,  even  after  they  had  been  changed  from  about 
3400  to  over  3900  hp . The  Cheyenne  application  involved  only 
some  repackaging  of  the  gearing,  which  represented  a minor 
change  for  this  engine. 

IV.  DEVELOPMENT  OF  THE  REQUIREMENT  (Refs.  B-4,  B-5) 

In  .August  1962,  the  Army  Tactical  Mobility  Requirem.ents 
Review  Board  (also  known  as  the  Howze  Board  for  the  General  who 
was  chairman),  called  for  increased  air  mobility  for  Army  units 
through  the  creation  of  air  mobile  fighting  units.  The  Board 
also  recommended  development  of  tactical  air  vehicles,  including 
close  support  aircraft.  The  Bell  Helicopter  Corp.,  using  IR&D 
funds,  developed  a prototype  Integrated  gunshlp,  using  as  a test 
bed  Its  model  207  (H-13)  Sioux  Scout,  which  was  an  Army  recon- 
naissance vehicle.  The  prototype  gunship  had  two  M-60  miachine 
guns  installed  in  a chin  turret,  which  had  been  developed  by 
Emerson  Electric.  It  also  had  tandem  seating  and  side-armi  con- 
trols, thereby  providing  a space  for  a gunner's  sight.  Despite 
the  Bell  development,  no  existing  aircraft  was  considered  ca- 
pable of  meeting  the  requirements  that  had  been  expressed  by 
the  Howze  Board.  The  Army  thought  about  procuring  an  interim 
machine,  which  would  involve  some  modification  of  existing  air- 
craft. However,  in  1963,  Army  Secretary  Vance  instructed  the 
Army  to  "lift  its  sights"  and  to  develop  an  optimal  aerial  wea- 
pons system.  In  June  1963,  a project  managem*ent  office  was 
established  for  the  Eire  Aerial  Support  System  (PASS),  which 
later  became  known  as  the  Advanced  Aerial  Fire  Support  System. 
(AAFSS).  In  October  1963,  Secretary  Vance  requested  the 
Department  of  Defense  to  reprogram  about  $2.5  million  in  FY  64 
funds  from  the  interimi  to  the  advanced  program. 
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The  AAFSS  requirements  specification  process  began  In 
1963  with  the  establishment  of  a ( MDO  (Qualitative  Material 
Development  Objective.)  This  QMD(  , which  was  approved  in  April 
196^,  would  be  evaluated  for  techr.ical  feasibility  and  cost- 
effectiveness.  The  various  possible  performance  factors  and 
capabilities  would  be  traded  off,  in  an  attempt  to  create  an 
optimum,  system  for  the  missions  and  environments  that  were  en- 
visioned. Following  approval  of  the  QMDO,  the  Army  was  to  firm 
up  the  requirement  for  the  system  and  to  develop  the  overall 
specifications.  Project  managemer t responsibility  was  given  to 
the  Army  Materiel  Command.  Because  the  Armiy  was  undergoing  a 
reorganization  at  that  time,  the  f AFSS  project  manager  was  also 
given  responsibility  for  formulating  the  concept.  This  stage 
of  the  program  was  supposed  to  result  in  a Qualitative  Materiel 
Requirement  (QMR),  which  would  then  be  followed  by  a Program 
Change  Request  (PCR)  requesting  Congress  to  authorize  the  new 
program  and  to  appropriate  money  for  it.  A detailed  plan  for 
accomplishing  the  program,  called  a Technical  Development  Pro- 
gram (TDP),  would  also  be  developed.  However,  this  sequence 
was  not  followed  for  the  AAFSS.  The  PCR  and  the  TDP  were  first 
submitted  in  Novem.ber  of  1963,  which  was  before  the  QMR  was 
approved  and  even  before  the  QMDO  was  approved.  The  QMR  itself 
was  not  approved  until  November  1964,  several  months  after  the 
Program  Definition  proposals  had  been  submitted.  An  in-process 
review  held  in  January  1966  established  that  the  Cheyenne  would 
meet  all  stated  requirements.  This  finding  came  about  despite 
the  fact  that  new  requirements,  particularly  in  ground  support 
and  test  equipment,  had  already  begun  to  appear.  This  resulted 
from  the  Army's  accelerating  the  project,  partly  in  response  to 
the  Vietnam  buildup. 


The  missions  envisioned  for  the  AAFSS  Included  escort  of 

air  mobile  columns  and  their  protection  during  landing  or  evac- 

( uatlon  of  an  objective,  surveillance  and  security  (including  re- 
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connalssance  by  fire),  and  highly  discrlm.inatory  fire  in  close 


proximity  to  ground  forces  (including  antitank  fire).  The  ca- 
pability to  perform  a 50-nmi  radius  assault  mission  under  IFR 
conditions  was  desired.  The  close  support  role,  although  the 
Array  was  careful  not  to  call  it  that , was  to  be  Integrated 
under  the  control  of  the  ground  force  commander  with  ground 
v;eapon  systems. 

The  system  concept  for  accomplishing  these  missions  was  a 
helicopter  escort  aircraft  capable  of  flying  at  ground  level 
("nap  of  the  earth"),  in  virtually  all  weather  conditions,  at 
speeds  of  210  to  220  knots.  The  machine  was  also  to  be  ca- 
pable of  hovering  for  the  purpose  of  training  weapons  on  ground 
targets  for  extended  periods  of  time.  This  characteristic  re- 
quired an  automiatic  stability  and  control  systemi,  plus  flexible 
weapon  systems  capable  of  being  trained  on  the  target  regard- 
less of  aircraft  attitude.  High  maneuverability  was  essential, 
yet  the  aircraft  needed  armor  to  protect  vital  components. 

Hard  points  were  required  for  ordnance  and  extra  fuel 
tanks,  since  self-ferrying  from  CONUS  to  possible  theaters  of 
war  was  envisioned.  An  advanced  avionics  systemi,  such  as  the 
Navy's  IHAS  (Integrated  Helicopter  Avionics  System),  would  be 
needed  for  the  50-nmi  radius  mission.  Other  kinds  of  needed 
equipment  Included  a doppler  navigation  system,  as  well  as  ter- 
rain avoidance  and  terrain- following  radar  systems.  In  addi- 
tion, the  aircraft  had  to  fly  fast  enough  to  be  capable  of 
escorting  heliborne  forces.  The  CH-^7,  one  of  the  principal 
vehicles  used  in  transporting  heliborne  forces,  had  a m.axlm.umi 
speed  of  164  knots  and  cruised  at  141  knots.  The  escort  air- 
craft were  required  to  be  faster.  A dash  speed  of  220  knots 
and  a cruise  speed  of  210  knots  were  the  original  development 
goals.  Later,  these  were  reduced  to  212  and  196  knots,  respec- 
tively, and  then  to  200  and  186  knots,  respectively,  as  the  ex- 
treme difficulty  of  attaining  such  speeds  in  the  AAFSS  vehicle 
becam.e  miore  apparent . 
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The  AAFSS  had  a dual  purpose  turret,  which  was  capable  of 
using  either  a 7.62-mm  minigun  or  a 40-mm  grenade  launcher.  It 
was  also  equipped  with  a belly  turret  for  a 20-  or  30-mm  cannon. 
Both  of  these  turrets  were  trainable  in  azimuth  and  elevation. 
Optical  sights  would  automatically  track  a target  after  being 
locked-on.  The  turrets  were  slaved  to  these  sights.  Also,  the 
gunner's  seat  could  be  turned  to  permit  the  gunner  to  follow 
the  target. 

The  Army  had  also  been  considering  an  automode  vei-sion  of 
the  AAFSS  that  would  have  additional  capabilities,  such  as  au- 
tomatic flight  control  and  station-keeping  capability.  But  the 
cost  and  weight  of  the  equipment  for  these  capabilities  wei-e 
considered  to  be  too  great.  Initially,  night  vision  was  not 
part  of  the  contract,  and  a passive  IR  system  was  selected  to 
provide  some  night  capability.  However,  when  the  role  of 
killing  mechanized  vehicles  was  added,  the  TOW  missile  and  a 
night  vision  system  were  added  to  the  required  equipment. 

There  was  Insufficient  time  and  staff  to  adequately  study 
the  AAFSS  requirement  in  the  various  cognizant  offices  of  the 
Army.  These  offices  had  authority  to  add  requirements  without 
supplying  the  necessary  funding,  but  unfortunately  tne  Army 
had  no  effective  mechanism  for  eliminating  requirements  that 
accumulated  during  concept  formulation.  No  one  in  the  Army, 
except  the  Chief  of  Staff,  had  the  authority  to  eliminate  an 
unnecessary  or  unwise  requirement.  (Although  the  project 
manager  may  want  to  eliminate  unnecessary  items,  he  cannot 
without  an  agreement  from  the  generator  of  the  requirement,  an 
action  that  is  not  likely  to  happen.)  Thus,  the  requirements 
tended  to  grow  during  the  Project  Definition  Phase  and  even  up 
to  the  Issuance  of  the  belated  QMR.  By  this  time,  tremendous 
momentum  had  been  built  up  in  the  program,  especially  within 
the  Army,  and  it  would  have  taken  a great  effort  to  interfere 
at  such  a point . 


V.  THE  AAFSS  COMPETITION 


The  AAFSS  was  to  be  developed  and  procured  under  a scheme 
of  "Total  Package  Procurement."  Although  the  requirement  was 
initially  biased  toward  a compound  helicopter,  It  was  later 
changed  so  as  not  to  preclude  tiltwing  and  tlltengine  config- 
urations . 

Twelve  proposals  for  the  AAFSS  were  received  by  the  Army, 
of  which  nine  were  for  various  types  of  compound  helicopters. 
The  others  were  tlltpropeller  or  tiltwing  aircraft,  on  which 
prototype  developments  were  ongoing. 

On  1 March  1965,  Lockheed  and  Sikorsky  were  selected  to 
receive  contracts  for  the  "Project  Definition  Phase"  of  the 
program,  which  was  to  last  six  months.  Since  both  Lockheed 
and  Sikorsky  had  proposed  rotary-wing  type  machines,  the  Arir.y 
apparently  had  rejected  the  configurations  that  Involved  fixed 
v;ings.  Not  least  among  the  reasons  for  rejecting  fixedv;lng 
aircraft  was  the  old  Army/Alr  Force  "roles  and  missions" 
agreement,  which  limited  Army  fixedwing  aircraft  weight  to 
5000  lb.  The  Army  feared  that  a fixedwing  configuration  would 
run  into  Air  Force  opposition,  whereas  a rotor  craft  would  be 
much  more  difficult  for  the  Air  Force  to  oppose. 

Representative  Otis  Pike  had  this  to  say  about  the  Army's 
selection:  "...  the  Army  has  chosen  to  go  (the  compound 

helicopter)  route  because  the  top  of  it  goes  round  and  round 
and  they  know  they  are  not  going  to  get  into  the  roles  and 
missions  fight  with  the  Air  Force  if  they  go  the  helicopter 
route.  Whereas  if  they  go  the  fixedwing  route  and  call  it 
close  air  support — see,  anything  that  goes  round  and  round 
provides  suppressive  fire,  this  is  part  of  the  semantic  ritual 
that  we  go  through,  and  anything  that  has  fixed  wings  and 


shoots  the  same  guns  provides  close  air  support--and  this  the 
Army  is  not  allowed  to  do."* 

There  v;ere  additional  reasons  for  not  selecting  tiltwing 
or  tiltpropeller  aircraft.  These  technologies  were  not  as  well 
developed  and,  hence,  not  as  I'amiliar  as  rotor  technology. 

Also,  these  VTOL  configurations  generated  higher  downwash  ve- 
locities that  would  intensify  the  problems  of  operating  from 
unprepared  fields. 

After  the  evaluation  of  the  project  definition  phase 
reports,  Lockheed  was  selected  for  engineering  development, 
because  its  vehicle  included  the  rigid  rotor  technology,  prom- 
ised lower  costs,  and  its  management  proposal  was  considered 
to  be  superior.  On  3 November  1965,  Lockheed  v;as  chosen  to 
build  ten  AAPSS  prototypes.** 

Under  the  total  package  procurement  plan,  Lockheed  assumed 
total  responsibility  for  logistical  support  and  programi  manage- 
ment and  gave  performance  guarantees.  However,  there  were  no 
predetermined  penalties  for  "failure  to  achieve;"  instead,  the 
contract  called  for  "equitable  adj  ustmient" . Correction  of  de- 
ficiencies after  delivery  of  the  aircraft  was  also  provided  for 
in  t-he  contract. 

Also  included  in  the  contract  was  the  production  option, 
which  gave  the  Government  the  right  to  purchase  375,  500,  1000, 
or  1500  AAFSS  vehicles  at  specified  prices.  These  prices  de- 
pended not  only  on  the  number  ordered  but  also  on  the  delivery 
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Rep.  Otis  Pike,  Hearings,  Armed  Services  Committee,  House  of 
Representatives,  pp . 8l83-8l84,  8 March  1966. 

In  the  public  announcements  made  of  this  award,  Lockheed 
claimed:  a rigid  rotor  was  needed  to  provide  a stable  plat- 

form for  armament  accuracy,  with  a speed  possibility  of  about 
350  knots,  and  at  a unit  price  of  $500,000  in  a large  pro- 


schedule.  More  significantly,  the  specified  prices  also  in- 
creased each  day  that  the  Government  delayed  in  signing  the 
production  contract.  After  31  December  1967,  if  the  Government 
had  not  signed  the  contract,  the  prices  would  be  subject  to 
complete  renegotiation.  This  latter  provision  held  whether  or 
not  Lockheed's  performance  on  the  development  contract  was 
satisfactory.  This  arrangement  was  to  lead  to  major  difficul- 
ties for  the  Army. 

The  rigid-rotor  technology,  which  was  one  of  the  features 
the  Army  judged  Important  in  awarding  the  Cheyenne  development 
contract  to  Lockheed,  had  worked  well  for  the  XH-51A,  although 
the  aircraft  had  exhibited  some  problems  of  instability  and 
lack  of  controllability  in  certain  flight  regimes.  Other  heli- 
copter manufacturers  had  tried  rigid  rotors  and  had  abandoned 
them.  The  dynamic  characteristics  of  rigid  motors  were  not 
completely  understood  at  the  time  of  the  contract  award  to 

Lockheed.  But  in  1965,  no  one  felt  Im.pelled  to  challenge  the 
award  to  Lockheed  on  this  technological  question,  a circum- 
stance that  would  have  tragic  and  expensive  consequences. 

Meanwhile,  although  the  Army  had  decided  to  forego  an  in- 
terim armed  helicopter,  events  were  working  to  offset  that  de- 
cision. Commanders  in  Vietnam  were  requesting  interim  gunships, 
not  being  willing  to  wait  for  the  AAFSS , which  would  not  be 
operational  before  I968  at  best.  When  the  1st  Cavalry  Division 
was  deployed  in  Vietnam  in  the  summer  of  1965,  the  interim- 
armed  helicopter  became  a combat  requirement.  The  Bell  Huey 
Cobra  was  chosen  for  this  role,  because  it  could  be  available 
in  a short  time  (it  had  already  been  demonstrated  in  Vietnam), 
and  because  it  had  a great  deal  of  commonality  with  the  UH-1 
systems  then  being  used  extensively  in  Vietnam. 
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VI.  CHEYENNE  DEVELOPMENT  PROGRAM 


The  Lockheed  XH-56A  (Cheyenne)  development  program  started 
off  well,  with  the  first  airframe  rolling  out  and  static  test- 
ing getting  started  ahead  of  schedule.  Progress  at  rollout 
time  Indicated  that  all  objectives  would  be  met.  The  first 
flight  was  also  ahead  of  schedule,  and  no  significant  hardware 
problems  had  yet  appeared. 

As  noted  earlier,  the  production  price  of  the  aircraft 
would  increase  for  each  day  that  the  production  option  was  not 
exercised.  The  delivery  schedule  would  also  be  slipped  corres- 
pondingly. The  first  barrier  to  exercising  the  option  was  lack 
of  funds,  because  the  Department  of  Defense  withheld  them.  The 
DOD  wanted  the  Army  to  avoid  a commitment , at  least  until  after 
the  aircraft  had  flovm  and  systems  testing  had  been  initiated, 
thereby  presumably  minimizing  the  risk.  Moreover,  the  DOD 
wanted  to  obligate  funds  at  the  slowest  production  schedule, 
which  meant  that  the  first  production  vehicles  would  not  become 
available  until  1970.  In  urging  the  slower  pace,  the  Secretary 
of  Defense  noted  that  the  Army  had  yet  to  develop  an  inte- 
grated force  plan  for  the  Cheyenne. 

The  Army  was  in  a tight  position.  It  had  no  funds  to  com- 
mit for  production  and  yet,  if  it  did  not  make  such  a commit- 
ment by  the  expiration  date,  it  would  eventually  be  forced  into 
a sole  source  negotiation.  When  the  expiration  date  passed, 
the  Army  convinced  Lockheed  to  extena  the  option  period  for  a 
short  time,  during  which  a last-ditch  negotiation  was  held  with 
the  DOD.  The  outcome  of  this  negotiation  was  that  DOD  would 
permit  the  Army  to  exercise  the  option,  but  the  Army  would  have 
to  reprogram  the  money  from  its  current  budget,  V'jhlch  meant  the 
deletion  or  reduction  of  other  programs.  The  program  that  felt 
the  pinch  the  most  was  the  AH-1  Cobra,  which  had  been  planned 
as  the  interim  gunship. 
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VII.  TECHNICAL  PROBLEMS 


At  the  time  the  Cheyenne  production  option  was  exercised, 
the  development  program  appeared  remarkably  trouble-free.  But 
by  May  1968,  a few  months  after  the  production  contract  had 
been  signed,  technical  difficulties  started  to  appear.  In  May, 
a Cheyenne  made  an  emergency  landing  after  the  pilot  noticed 
something  wrong.  The  landing  damaged  the  rotor  and  fuselage. 

In  August,  the  rotor  of  a test  aircraft  struck  the  canopy  and 
fuselage.  These  were  early  hints  that  gyro-induced  rotor  in- 
stability would  occur  in  the  Cheyenne  flight  envelope,  although 
it  had  been  possible  to  avoid  them  in  the  smaller  XH-51A. 

The  problems  were  severe  enough  for  Lockheed  to  convene  a 
Blue  Ribbon  Committee  to  advise  it  on  the  rotor  Instability 
problem.  Some  members  of  this  committee  advised  Lockheed  to 
study  the  problem  analytically  and  in  a wind  tunnel,  before 
deliberately  provoking  the  conditions  in  flight.  Unfortunately, 
the  advice  was  not  heeded.  To  compound  the  error,  Lockheed 
also  failed  to  Install  crew  escape  equipment  or  telemetry  equip- 
ment in  the  test  aircraft,  omissions  that  were  to  result  in 
tragedy . 

Other  problems  were  related  to  the  performance  of  the  air- 
craft. The  addition  of  the  TOW  missile  Increased  the  drag  sub- 
stantially over  the  original  Lockheed  estimate.  More  power  was 
required,  but  this  put  the  transmission  under  greater  stress 
than  had  been  anticipated  and  caused  considerable  downtime, 
thereby  stretching  out  the  flight  test  program. 

Avionics  problems  were  also  appearing.  The  AH-56A  had  a 
high  proportion  of  GFE,  and  a number  of  problems  occurred  in 
interfacing  this  equipment  with  the  aircraft . The  stability 
augm.entation  system  and  the  weapons  control  system  were  the 
most  notable  contributors  in  this  regard.  The  computer,  which 
had  been  adopted  from  the  Navy's  IKAS  (integi'ated  helicopter 
avionics  system)  program,  was  also  experiencing  malfunctions. 
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Lockheed  claimed  that  GFE  deficiencies  were  to  be  blamed  for 
slowing  progress  on  the  helicopter  development  program. 

In  response  to  these  difficulties,  a system  manager  office 
was  created  by  the  Army.  This  office  was  to  monitor  the  pro- 
gram and  resolve  difficulties  as  they  arose.  The  importance  of 
the  program  to  the  Army  was  indicated  by  the  fact  that  it  named 
a major  general  as  the  system  manager. 

On  12  March  1969,  one  of  the  Cheyenne  prototypes  exploded 
in  midair  and  crashed,  killing  the  pilot.  There  was  some 
evidence  that  this  was  a flight  envelope  expansion  mission, 
although  Lockheed  claimed  it  was  not.  On  April  12,  the  Army 
sent  Lockheed  a "cure"  notice  on  the  production  contract,  which 
listed  11  items,  not  all  of  which  were  related  to  the  gyroscope- 
rotor  instability  problem.  The  contractor  was  directed  to  reply 
within  fifteen  days.  Lockheed  responded  with  a ^30-page  report. 

In  addition  to  technical  difficulties  that  occasioned  the 
Army's  cure  notice,  the  Lockheed  contract  costs  were  soaring. 

The  R&D  costs  of  the  10  prototype  machines  had  risen  to  $193-5 
million  compared  with  the  original  estim.ate  of  $77-5  million. 
Moreover,  despite  the  "fixed"  price  contract,  production  vehicle 
unit  costs  had  reached  $2.2  million  from  $992,000.  Lockheed 
blamed  this  primarily  on  the  delay  in  exercising  the  production 
option.  It  stated  that  although  it  had  extended  the  option  at 
the  request  of  the  Army,  the  subcontractors  were  not  obligated 
to  do  so  and,  therefore,  Lockheed  could  not  guarantee  its  sub- 
contractors' prices.  Lockheed  \vanted  to  negotiate  a new  con- 
tract, while  the  Army  wanted  to  maintain  the  old  agreed-upon 
unit  price. 

Since  the  proposed  fixes  did  not  convince  the  Army  that 
Lockheed  could  solve  the  technical  problems  or  meet  the  prom- 
ised delivery  schedule,  and  since  costs  were  becoming  excessive, 
the  Army  terminated  the  production  contract. 


The  termination  of  the  Cheyenne  production  resulted  In  the 
release  of  funds  for  other  purposes,  and  the  Army  soon  con- 
tracted with  Bell  for  another  200  Cobra  gunshlps  for  Vietnam. 

VIII.  CHEYENNE  DEVELOPMENT  CONTINUES  (Refs.  B-6,  B-7) 

After  the  fatal  crash  on  March  12,  Lockheed  ana  the  Army 
tried  to  restructure  the  program.  The  contract  was  rewritten, 
and  performance  specifications  and  schedule  and  cost  projections 
were  made  more  realistic.  However,  this  restructuring  avoided 
the  resolution  of  the  dynamic-system  problem.  The  problem  had 
been  identified  as  being  caused  by  the  inability  of  the  mechan- 
ical gyro  system  to  differentiate  between  rotor  flapping  and 
inplane  rotor  motion.  Under  certain  conditions  of  flight, 
which  unfortunately  were  within  the  desired  envelope  of  the 
Cheyenne,  this  contamination  of  the  gyro  signal  would  result 
in  a rapid  divergence  of  the  rotor  blade  angles  of  attack  and 
cause  the  rotor  to  go  out  of  control.  In  the  AH-56A,  this 
happened  so  rapidly  that  there  was  no  opportunity  for  the  pilot 
to  correct  the  situation  after  the  condition  had  started. 

Lockheed  proposed  to  deal  with  this  problem  by  developing 
an  advanced  control  system,  which  was  capable  of  discriminating 
between  the  two  conflicting  input  forces.  However,  because 
contract  litigation  was  going  on  in  which  the  primary  area  of 
contention  was  the  rotor  system,  this  solution  to  the  problem 
could  not  be  contracted  for  directly,  since  it  might  appear 
that  Lockheed  would  be  admitting  to  the  deficiency  in  the 
earlier  rotor.  Eventually,  this  new  control  system  was  devel- 
opted  by  Lockheed  as  a rotor  improvement  program  and  it  worked 
well  (Ref.  E-8). 

Some  other  facts  bear  on  the  outcome.  Most  of  the  GFE 
came  from  the  various  Army  Commands.  The  Avionics  were  supplied 
by  ECOM,  weapons  by  ARMCOM,  TOW  by  MICOM,  and  aircraft  sub- 
systems by  AVSCOM.  Since  the  AAFSS  was  in  fact  an  advanced 
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concept,  very  little  standard  ecjuipment  was  being  used.  In 
fact,  some  equipment  (e.g.,  communications  gear)  had  not  become 
available  yet.  Hence,  when  difficulties  started  to  emerge,  the 
general  behavior  within  the  Army  was  to  avoid  admitting  to  any 
error  whatsoever.  The  Army  believed  that  in  such  an  integrated 
system  any  admission  of  being  wrong  anywhere  would  immediately 
make  the  Army  responsible  for  the  contractor's  overrun. 

Lockheed  continued  its  work  with  the  Cheyenne  with  some 
hope  that  the  difficulties  would  eventually  be  ironed  out  and 
a later  production  decision  might  be  made.  The  misfortunes 
continued  however.  On  17  September  1969,  a Cheyenne  prototype, 
which  was  being  tested  in  the  Ames  low-speed  wind  tunnel,  dis- 
integrated, injuring  two  technicians  and  destroying  the  10th 
prototype  vehicle.  Efforts  continued  for  about  two  more  years, 
during  which  time  a base  of  knowledge  about  rigid  rotor  charac- 
teristics was  built  up.  In  1971,  the  Army  again  turned  down  a 
production  decision  on  the  AH-56A.  In  1972,  all  efforts  on  the 
machine  were  abandoned  and  Lockheed  went  out  of  the  helicopter 
business . 

IX.  CHEYENNE  SUBSYSTEM  DEVELOPMENTAL  OPPORTUNITIES  (Pef.  B-6) 


In  this  section,  we  examine  the  history  of  the  AAFSS,  as 
recounted  above,  for  opportunities  in  which  early  or  indepen- 
dent development  of  subsystems  occurred  and  to  determine  whether 
such  developments  might  have  been  beneficial  to  the  program. 

This  approach  is  taken  with  com^plete  recognition  of  its  after- 
the-fact  nature.  In  hindsight,  one  is  bound  to  have  a better 
perspective  on  the  decisions  that  were  made,  without  compensat- 
ing empathy  for  the  pressures  and  situations  that  were  forcing 
such  decisions.  Vie  make  this  examination  solely  to  help  gen- 
erate guidance  for  the  future  and  not  as  a critique  of  past 
actions . 
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A . Alrfi'ame — Dynamic  System 

The  dynamic  system,  Including  the  rotor,  power  gearing, 
and  controls,  was  a major  basis  for  Lockheed's  award  of  the  de- 
velopment and  production  contracts  for  the  AAFSS.  Although 
rigid  rotors  had  been  conceived  by  others  at  an  earlier  time, 
no  one  had  seriously  proposed  their  use  before  Lockheed  did. 

The  rigid  rotor  concept,  the  first  model  of  which  first  flew 
in  a test-bed  aircraft  in  1959,  appeared  to  be  a breakthrough 
in  aircraft  dynamic  systems.  Testing  on  the  XH-51A  and  other 
Lockheed  aircraft  was  very  successful  and  indicated  a great 
potential  for  the  concept.  At  this  point,  about  1962  or  1963, 
the  Army  might  have  Initiated  the  development  of  a family  of 
rigid  rotor  dynamic  systems.  The  first  systems  might  have  been 
used  in  the  AH-56A,  with  other  versions  earmarked  for  use  in 
future  helicopters  and  perhaps  even  retrofitted  to  existing 
ones.  Even  from  the  current  time  perspective,  this  does  not 
seem  to  be  a particularly  good  idea  for  the  following  reasons. 

a.  The  research  on  rigid  rotors  was  incomiplete,  and  ^he 
state  of  the  art  would  not  support  fullscale  devel- 
opment of  this  type  of  system. 

b.  Retrofitting  to  current  aircraft  would  need  substan- 
tial study,  since  helicopters  and  their  systems  are 
highly  integrated  machines. 

c.  Speculation  on  the  characteristics  of  future  helicopters 
would  be  very  nebulous  and  would  not  yield  a high 
probability  of  success  in  the  selection  of  appro- 
priate target  characteristics  for  development. 

d.  Limited  development  funding  was  available. 

It  is  concluded  that  the  speculative  development  of  dy- 
namic components  for  helicopters  does  not  have  a h-’gh  potential 
payoff  and,  therefore,  would  not  have  been  a desirable  approach 
in  the  pre-AAPSS  days. 

We  note  in  support  of  this  conclusion  that  the  first  con- 
ception of  the  AAFSS  requirement,  combined  with  the  applicable 
technology,  occurred  about  1963-6^1  with  a desired  delivery  date 
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of  1968.  This  highly  ortlmlstlc  schedule  probably  resulted 
from  a combination  of  wishful  thinking,  on  the  part  of  the  Army, 
and  the  apparently  clear  success  of  the  XH-51A  compound  heli- 
copter. And  It  gave  rise  to  expectations  that  scaling  up  to  a 
different  vehicle,  using  the  same  principles,  would  be  a simple 
job. 

B . Engine  and  Transmission 

The  engine  selected  for  the  Cheyenne  was  the  T-6^-GE-l6, 
rated  at  3^35  shp. 

During  the  Cheyenne  development  program,  it  was  found  that 
a higher  power  v;ould  be  needed,  because  the  aircraft  drag  had 

grown  beyond  expectations.  The  engine  manufacturer  quickly 
produced  a modification  of  the  engine,  designated  the  712  ver- 
sion, which  was  rated  at  3925  shp.  Unfortunately,  this  created 
a problem  with  the  transmission,  which  had  been  designed  for 
the  lower  power  and  could  not  be  as  easily  uprated  as  could  the 
engine.  The  result  was  a significant  delay  in  the  flight  test 
program,  because  of  the  down  time  caused  by  the  transmission. 

Here  we  have  an  illustration  of  an  independent  develop- 
m.ent  (the  engine)  that  was  originally  developed  for  multiple 
purposes,  and  that  v;as  capable  of  being  readily  tailored  for  use 
in  this  aircraft  and  retailored  after  the  original  specification 
had  changed.  On  the  other  hand,  the  transmission,  v;hich  was  all 
nev;,  was  incapable  of  being  easily  modified.  If  AAFSS  produc- 
tion had  continued,  a modified  transmission  design  would  have 
been  required,  although  it  is  likely  that  the  new  design  would 
have  been  a stepped-up  version  of  the  original  one.  The  ex- 
perience points  up  the  value  of  designing  versatility  and  flex- 
ibility into  a subsystem  or  component. 

C . Avionics  and  Mission  Equipm.ent 

We  include  in  this  category  the  communications  sets,  navi- 
gation sets,  weapons  systems,  and  radar  equipm.ent  that  were 
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necessary  for  the  aircraft  to  accomplish  its  mission.  A con- 
siderable amount  of  this  equipment  was  developed  independently 
of  the  AH-56A  by  various  Army  commands,  including  ECOM,  MICOM, 
ARMCOM,  and  AVSCOPl.  This  equipment  was  supplied  as  GFE  to 
Lockheed.  In  most  cases,  the  intention  of  the  Army  was  to 
develop  equipment  that  could  be  installed  in  a variety  .f  air- 
craft. The  IHAS  was  one  of  the  items  Jointly  developed  by  the 
Navy  and  the  Army.  The  IHAS  computer  had  a high  fallui-e  rate. 
In  some  cases,  the  equipment  did  not  become  available  in  time 
for  Incorporation  In  the  developmental  aircraft.  Independent 
development  of  this  equipment  seems  to  have  been  a hindrance 
rather  than  a help  iri  the  case  of  AAFSS.  This  may  provide  some 
argument  for  initiating  such  Independent  developments  earlier, 
and  testing  them  m.ore  fully  before  attempting  to  Incorporate 
them  in  a new  vehicle.  But  then  the  risk  is  present  that  the 
development  will  not  represent  the  latest  state  of  technology. 

X.  DISCUSSION 

The  Cheyenne  program,  although  a failure  itself,  illumin- 
ates several  facets  of  the  independent  development  question. 

In  the  case  of  the  T-b^l  engine,  an  early  development  was  ini- 

•• 

tlated  in  1957.  This  engine  was  specifically  required  to  have 
a multiuse  capability  and  a growth  capability.  In  fact,  it 
was  qualified  before  it  was  selected  for  use  In  a system. 
Moreover,  at  the  time  of  design,  none  of  the  aircraft  for  which 
it  was  being  considered  even  had  a preliminary  design.  All 
that  was  v/anted  was  an  engine  in  a particular  power  range. 

This  engine  became  very  successful.  It  was  used  in  several 
aircraft.  Eventually,  it  was  selected  for  the  AAFSS  applica- 
tion, a development  that  failed  but  not  because  of  the  engine. 

On  the  other  hand,  tne  IHAS  was  being  developed  sepa- 
rately and  independently,  also  with  the  Intention  of  being  used 
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in  a number  of  Army  and  Navy  helicopters.  Its  selection  cre- 
ated problems  for  the  AAFSS  development,  since  the  IHAS  com- 
puter had  a high  failure  rate.  Unfortunately,  the  IHAS  was  a 
new  development  then,  and  the  bugs  had  not  been  fully  worked 
out . 

Other  equipment  Intended  for  incorporation  in  the  Cheyenne 
was  under  the  control  of  the  various  Army  commands.  These  were 
simultaneous.  Independent  developments  that  were  to  be  supplied 
to  the  prime  contractor  as  GFE.  Apparently,  some  of  this 
equipment  was  not  ready  at  the  time  the  prime  contractor 
needed  it.  But,  except  for  the  IHAS,  it  appears  that  this 
equipment  worked  satisfactorily  and  was  suitably  Integrated 
into  the  aircraft. 

The  major  failure  in  the  Cheyenne  was  in  the  rotor  system. 
This  development  was  directly  under  the  control  of  the  prime 
contractor  and  cannot  be  considered  as  an  Independent  develop- 
ment. The  Cheyenne  rotor  was  simply  an  extension  of  the  tech- 
nology that  Lockheed  had  developed  and  operated  successfully  in 
a smaller  aircraft. 

The  transmission  was  a problem  component,  since  it  was 
required  to  operate  at  higher  power  than  it  had  been  designed 
for,  and  it  resulted  in  slowing  down  the  developmental  flight 
schedule  of  the  Cheyenne. 

XI.  CONCLUSIONS 

We  can  draw  some  general  conclusions  about  independent 
development  from  the  examination  of  the  Cheyenne  subsystems. 

In  the  case  of  a long  lead  time  item  such  as  the  engine,  early 
development  was  essential.  The  T-6L  was  highly  successful  and 
useful  in  developing  the  Cheyenne  for  two  reasons.  The  engine 
was  mature  enough  to  assure  Its  reliability  and  its  design 
was  such  that  it  could  be  easily  uprated  if  necessary.  The 
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IHAS  was  not  completely  developed 
Ity  was  not  yet  assured.  The  rot 
the  transmission  design  had  no  pr 
conclusions  suggest  the  following 
cessful  application  of  early  deve 


and,  therefore.  Its  reliabil- 
r scaling  was  not  understood; 
vision  for  growth.  These 
rules  for  assuring  the  suc- 
opments . 


a.  Start  as  early  as  posslb  e. 

b.  Plan  for  growth  In  the  o Iglnal  design. 

c.  Avoid  specialization  and  olan  for  a range  of  uses 
In  the  original  design. 

d.  Fully  understand  the  rules  for  scaling. 

e.  Ensure  that  the  potential  market  justifies  the 
development . 

f.  Demonstrate  a flight  tesi  vehicle  before  committing 
to  the  subsystem  end  use. 

g.  Expect  some  required  integration  effort,  even  for 
well-developed  subsytems. 
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APPENDIX  C 
THE  XM-I  TANK 


I.  INTRODUCTION 

In  recent  years,  there  have  been  thi’ee  new  main  battle 
tank  programs,  namely,  th.e  MBT-70,  XK-803,  and  XK-1.  The 
MBT-70  was  a joint  program  with  the  Federal  Republic  of  Germany 
(FRG).  It  entailed  an  attempt  to  build  all  new  components 
rather  than  use  existing  ones.  This  policy  was  one  of  the  fac- 
tor's contributing  to  its  demise.  But  the  overw'helming  reason 
for  the  program's  failure  was  that  there  was  no  single  decision- 
maker in  charge.  Simple  decisions,  e.g.,  whether  to  use  metric 
or  English  fasteners,  could  not  be  made. 

The  second  program,  the  XM-SOS,  was  a revised  MBT-70  pro- 
gram, aimed  at  meeting  only  the  U.S.  requirement,  not  the  FRG 
requirement.  It  continued  to  support  many  of  the  components 
initiated  under  the  MBT-70  program.  It  died  when  the  costs  es- 
calated, and  when  doubts  arose  ever  the  real  advance  represen- 
ted by  the  XM-803  over  the  product-improved  M-60  tank.  The 
cancelation  action,  however,  did  allow  a large  sum  of  money  to 
be  used  further  developmient  of  component  technology. 

The  third  program,  the  XM-1  tank,  was  initiated  in  1972, 
when  the  Army  formed  the  Main  Battle  Tank  (MET)  Task  Force  at 
Ft.  Knox  to  define  a tank  that  would: 

• Be  greatly  superior  to  the  M60A1E3  tank. 

• Constitute  a low-  to  medium-development  risk. 

The  MBT  task  force  prepared  a "Material  Need"  document  and  a 
"Development  Concept  Package."  To  accom.plish  its  mission,  the 
task  force  also  prepared  a "shopping  list"  of  low  risk  and 
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moderate  risk  components.  These  components  became  candidates 
for  Incorporation  into  the  XM-1  tank  system.  Many  of  them  came 
from  the  M-60  tank  series.  Others  were  developed  under  the 
technology  base  funding  at  the  TACOM  laboratories  and  were  then 
slated  for  the  MBT-70  program.  Upon  the  program's  cancellation, 
they  were  continued  for  the  XM-803-  These  components  were  fur- 
ther developed  under  terms  of  the  cancellation  of  the  XM-803, 
v;hich  provided  substantial  funds  for  the  continued  development 
of  tank  components. 

The  XM-1  tank  is  being  developed  in  two  conf Igurations : 
the  Chrysler  version  with  a turbine  AGT-1500  engine,  and  the 
General  Motors  version  with  a diesel  AVCR-I36O  engine.  It  is 
now  nearing  the  end  of  the  advanced  development  stage.  Table 
C-1  compares  the  XM-1  tank  with  other  tanks  of  relatively  re- 
cent vintage,  and  Table  C-2  compares  majo:'  components.  Some 
of  these  components,  namely,  the  two  competing  engines  and  the 
X-1100  transmission  are  discussed  here. 

II.  AGT-1500  TURBINE  ENGINE 

The  formal  beginnings  of  the  AGT-1500  were  in  1965 > when 
an  RFP  called  for  a regenerative  1500-hp  turbine.  AVCO  was 
selected  out  of  eight  or  nine  competitors.  The  development 
was  the  outgrowth  of  several  years  of  research  studies  and 
hardware  installation  testing.  The  engine  configuration  was 
established  by  USATACOM  design  and  performance  specification, 
representing  an  advanced  engine  considerably  beyond  the  state 
of  the  art. 

The  AGT-1500  turbine  is  specified  to  deliver  I5OO  hp , at 
100'^  F,  and  is  specifically  designed  for  powering  the  heavy 
class  of  military  vehicles.  Significant  advantages  over  cur- 
rent engines  include:  light  weight,  small  size,  quiet  operation, 

low  fuel  consumption,  ease  of  cold  starting,  higher  net  output, 
reliability  and  durability  (2  to  4 times  greater  than  previously 
attainable),  and  a favorable  life  cycle  cost  advantage. 


TABLE  C-1.  U.S.  TANKS  COMPARATIVE  DATA 


Redesign  with  goal  of  60. 


TABLE  C-2.  U.S.  TANKS— COMPARISON  OF  MAJOR  COMPONENTS 
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Main  Weapon  ; 105-120mm  105mm  j 105mm  | 105mm  120mm  (SB) 


The  engine  configuration  (Fig.  C-1)  consists  of  a twin 
spool,  concentric,  counterrotating  compression  section,  fol- 
lowed by  variable  nozzles  and  two  free-power  turbines.  A cyl- 
indrical heat  exchanger  (recuperator)  wraps  around  the  reduc- 
tion gears  and  the  concentric  exhaust-diffuser  section  on  the 
output  end  of  the  turbine,  adding  almost  nothing  to  the  en- 
gine's length  and  width.  A single-can,  tangential-scroll  com- 
bustor had  a single  Ignitor  plug  and  fuel  nozzle,  wnlch  can  be 
serviced  from  the  top  of  the  engine.  The  accessory  section 
provides  direct  top  accessibility  to  all  engine  and  user  power 
takeoff  accessories,  for  ease  of  maintenance  in  tank  Installa- 
tions. The  3000-rpm  maximum  output  speed  permits  engine  use 
with  a variety  of  standard  and  advanced  transmissions.  Minl- 
m.al  engine  cooling  requirements  (15  to  ^0  hp ) make  substantially 
greater  net  power  available  for  propulsion.  The  engine  is  ad- 
equately protected  by  standard,  compact  two-stage  static  air 
cleaners,  v/ith  servicing  beyond  a 20-hour  interval. 

The  first  TACOM  contract  v;as  for  30  months,  and  It  re- 
quired the  production  of  30  engines  (5  development;  20  pro- 
totype; 5 final  configuration).  Actually,  20  engines  had  been 
built  by  the  end  of  the  TACOM  contract  (July  1969)  for  the 
total  cost  of  $21  million. 

The  first  engine  developed  only  1200  hp . A zeroth  stage 
was  added  to  the  compressor  to  get  more  mass  flow  (Increased 
from  9-7  to  11.7  Ib/sec)  through  the  engine.  It  was  estimated 
that  another  20%  growth  could  take  place  in  the  same  engine 
envelope,  which  was  fixed  mainly  by  the  MBT-70  requirements 
and  has  been  extended  only  slightly  since.  In  retrospect,  it 
can  be  said  that  the  original  design  of  the  engine  was  a flex- 
ible one;  It  allowed  a 50%  growth  in  output  shaft  horsepower. 

The  components  that  paced  most  of  the  turbine  engine's 
developments  were  the  compressor,  recuperator  (a  heat  ex- 
changer), combustor,  and  the  turbines.  Peculiar  to  the  automotive 


( 


application  were  the  stationary  recuperator,  the  single-can 
combustor,  and  the  variable-power  turbine  inlet  nozzles.  These 
three  components  were  beyond  the  state  of  the  art  of  the  mid- 
1960s.  The  main  concern  of  the  development  effort  was  to 
achieve  better  fuel  economy  at  intermediate  power  level  (60  to 
8c%  of  full  power),  using  the  recuperator. 

The  recuperator  that  AVCO  uses  is  of  a unio.ue  design, 
which  entails  a large  number  of  welds.  For  manufacturing,  it 
requires  the  development  of  new  repetitive  welding  system. 

The  function  of  the  recuperator  is  to  heat  air  emerging  from 
the  compressor  by  about  200°  F.  The  recuperator  is  essential 
to  achieve  fuel  economy  comparable  to  a diesel.  The  initial 
version  of  the  recuperator  was  developed  by  AVCO  with  its 
IR&D  funding,  with  no  direct  assistance  from  TACOM,  and  it  was 
a basic  ingredient  in  its  winning  proposal. 

The  variable-geometry  turbine  nozzles  permit  a shift  of 
power  to  the  gasifier  turbine  for  rapid  acceleration.  They 
also  maintain  high  exhaust  temperature  and  recuperator  effi- 
ciency under  partial  power,  and  can  "slow  open"  for  protection 
against  destructive  overspeed  on  loss  of  load. 

The  turbine  inlet  temperature  is  2l80°  F.  This  develop- 
ment effort,  for  fuel  economy,  pushed  materials  technology  for 
the  high  pressure  turbine  beyond  the  state  of  the  art  at  the 
beginning  of  the  program.  By  197  3,  a better  material  (V.'ASPALLOY ) 
was  developed  and  put  into  use.  Even  so,  the  turbine  blades 
had  to  be  air-cooled. 

During  the  July  I969  to  May  1971  period,  the  funding  was 
slow.  Little  work  was  accomplished,  but  the  organization  was 
kept  intact.  Then,  the  spending  rate  accelerated  under  a 
TACOM  contract  for  $11.8  million  (May  1971-January  197^)  and 
with  a follow-on  contract  from  Chrysler  for  $11.5  million  (July) 
1973-April  1976).  These  two  contracts  were  both  under  the 
XM-1  program  funding.  The  first  provided  for  the  development 
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of  the  engine  for  generic  tank  applications  (l.e.,  operation 
in  a modi  fled  T-^8  test  rig).  The  second  provided  the  funds 
for  the  specific  adaptation  of  the  engine  to  the  XM-1:  namely, 

specific  dimensions,  fault  isolation  and  maintenance  indicators, 
special  fasteners,  a power  turbine  speed  governor,  a revised 
accessory  gearbox,  and  mating  with  the  Xfl-l  electrical  system. 

As  of  1 July  1975,  the  AGT-I500  had  a total  of  83^0  engine  test 
hours,  including  12,500  vehicular-  miles.  Currently,  a "design 
to  cost"  production  cost  estimate  is  being  worked  out. 

The  fluctuating  funding  Is  believed  to  have  had  the  effect 
of  substantially  extending  the  duration  of  the  overall  program. 
Competent  personnel  estimate  that  had  the  funding  and  the  major 
system  objectives  been  reasonably  steady,  the  engine  vjould  have 
been  ready  for  operational  tests  in  a total  of  five  years  and 
for  production  In  a total  of  seven  years. 

Our  conclusions  with  respect  to  the  AGT-I5OO  turbine  are 
as  follows: 

a.  Independent  research  and  development  played  an  Impor- 
tant role  In  the  development  of  the  AVCO  recuperator. 

b.  TACOM  technology  base  funding  was  responsible  for  some 
of  the  early  development  work  of  the  AGT-I500. 

c.  Funding  for  earlier  tank  programs,  which  were  later 
cancelled,  supported  much  of  the  early  development 
of  the  AGT-I500. 

d.  The  XM-1  tank  has  a turbine  engine  as  an  option, 
largely  as  a result  of  development  work  undertaken 
previously  for  the  cancelled  MBT-70  and  the  XM-803 
tank  programs.  Had  the  engine  development  waited 
until  1972,  then  the  engine  could  still  have  been 
ready  for  production  by  about  1979,  but  there  would 
have  been  no  development  engine  on  which  to  base 
system  decisions.  The  early  development  did  result 
In  the  early  availability  of  a development  engine, 
which  influenced  the  tank  system  decisions. 
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III.  AVCR-1 360  ENGINE 
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The  development  of  the  1100-ln-^  displacement  (CID)  diesel 
started  In  1958  for  the  T-95  tank  (A2  tons),  in  a development 
program  that  lasted  2.5  years  and  cost  the  Government  about 
$3-2  million.  The  90°  V,  four-cycle,  air-cooled,  12-cyllnder 
engine,  provided  600  hp . Seven  engines  were  produced.  They 
logged  a total  of  6000-7000  hours.  Including  some  time  in  the 
developmental  T-95  tank  In  the  test  field.  The  engines  were 
stored  In  1959,  when  the  T-59  program  was  discontinued. 

In  1961,  TCM  brought  the  idea  of  a var'lable  compression 
ratio  (VCR)  piston  to  TACOM,  and  obtained  a $50,000  contract. 

Under  this  contract,  a piston  was  built  to  fit  the  1100-CID 
engine.  It  was  developed  in  a one-cylinder  configuration,  and 
It  yielded  power  equivalent  to  750  hp  for  12  cylinders  In  196I, 

900  hp  In  1962,  and  1100  hp  In  1963-  In  1963,  a 12-cyllnder 
version  was  built  and  It  logged  about  3000  miles,  in  a tank,  at 
1000  hp.  During  FY6I-FY6A,  the  funding  made  available  by  TACOK 
was  about  $2.3  million;  It  was  adequate  funding. 

(A  brief  technical  description  of  the  VCR  piston  is  as 
follows.  If  the  peak  firing  pressure  Is  plotted  as  a function 
of  the  load,  the  resulting  graph  Is  usually  a rising  straight 
line.  The  VCR  piston,  like  any  other  piston,  has  a connecting 
rod  to  which  the  piston  is  fastened  by  a pin.  The  height  of 
the  piston  above  this  pin  is  variable,  however,  and  It  Is  con- 
trolled by  the  peak  firing  pressure.  As  long  as  this  pressure 
remains  under  1900  psl,  the  piston  remains  in  Its  extended 
position,  giving  a large  compression  ratio.  As  soon  as  the 
peak  firing  pressure  reaches  I900  psl,  the  piston  begins  to  re- 
tract, giving  a lower  compression  ratio.  This  retraction  re- 
sults In  holding  the  peak  firing  pressure  constant  at  1900  psl, 
even  as  the  load  increases  up  to  a point  that  would  have  pro- 
duced 3800  psl  with  a normal  piston.  This  feature  and  the  resulting 
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lower  range  of  peak  firing  pi’essures  result  in  less  stress 
being  placed  on  the  piston  and  the  other  engine  components, 
and  they  lead  to  lower  engine  weight  per  horsepower.  ) 

With  the  beginning  of  the  MBT-70  program  In  1965,  GM  gave 
an  engine  subcontract  to  TCM  for  $13  million.  As  part  of  this 
subcontract,  three  90°  V engines  were  built  for  use  In  trans- 
mission development.  They  were  delivered  within  1 year,  and 
each  could  produce  1200  hp  or  more.  Then,  the  engine  was  re- 
designed to  120°  V to  lower  Its  silhouette.  This  engine  was 
being  used  with  the  Renk  hydroklnetic  transmission.  To  achieve 
the  required  power  output  (1475  hp ) , the  engine  had  to  be 
supercharged.  Originally,  the  engine  had  only  turbochargers; 
mechanical,  gear-driven  Roots  blowers  had  to  be  added.  These 
high-speed  blowers  reflected  a substantial  advance  in  technol- 
ogy and  they  posed  some  reliability  problems.  Towards  the  end 
of  the  MBT-70  program,  the  secondary  option  engine,  (Daimler- 
Benz  MB-873Ka)  was  finally  selected  for  the  MBT-70  in  order  to 
attain  the  reliability  objectives.  It  was  a 2400-CID  engine 
of  conventional  technology,  and  represented  less  of  a technol- 
ogical advance.  Then,  in  December  1968,  the  MBT-70  program 
was  cancelled.  West  Germany  continued  to  fund  TCM  for  a year 
for  providing  AVCR-1100  engines  to  its  pilot  tanks. 

The  XM-803  program  began  In  April  1970,  and  GM  continued 
funding  the  AVCR-1100  under  subcontract.  With  the  XM-803  pro- 
gram, there  was  a change  from  the  Renk  hydroklnetic  trans- 
mission (with  a torque  converter)  to  the  XHM-1500  hydrostatic- 
hydromechanical  transmission.  With  the  latter  transmission, 
the  low-speed  torque  requirement  could  be  met  with  a 1250-hp 
output.  Thus  it  was  possible  to  remove  the  engine  parts  of 
questionable  reliability  (e.g.,  the  Roots  blov;ers).  It  was 
also  feasible  to  lower  the  exhaust  temperature  below  the  l800° 

F It  was  running  In  the  MBT-70.  This  led  to  improved  reliabil- 
ity in  the  engine,  at  the  cost  of  considerable  risk  In  the  un- 
proven hydrostatic  transmission. 

C-IQ 


The  XHM-I500  hydrostatlc-hydromechanlcal  transmission 
specified  for  the  XM-803  differed  from  the  usual  hydroklnetlc 
transmission.  The  torque  converter-range  pack  combination  was 
replaced  by  a variable-displacement  hydrostatic  pump,  coupled 
to  a fixed-displacement  hydrostatic  motor.  Such  an  arrange- 
ment offered  Infinitely  variable  ratios,  continual  operation 
under  optimum  performance  conditions,  and  a lower  silhouette. 
Unfortunately , It  was  also  more  complex,  costlier  by  about  50?, 
heavier,  and  had  little  flexibility.  This  lack  of  flexibility, 
stemming  from  Incompressible  nature  of  oil,  often  resulted  In 
broken  shafts  and  the  resultant  failure  of  the  entire  propul- 
sion system.  It  was  the  lack  of  flexibility,  plus  the  added 
cost  and  greater  weight,  that  later  led  to  the  replacement  of 
the  XHM-I500  by  the  X-1100  In  the  XM-1  tank. 

When  the  XM-803  programi  terminated  In  Decem;ber  1971,  TCM 
had  one  year  of  direct  Army  funding  for  the  VCR  engine.  Then, 
the  engine  passed  the  stiff  400-hour  NATO  test.  Total  funding 
during  this  one  year  v;as  $2.1  million. 

With  the  advent  of  the  XM-1  program,  the  hydrostatic  trans- 
mission was  abandoned  In  favor  of  the  X-1100,  which,  like  the 
. Renk,  Is  a hydroklnetlc  one.  Since  the  vehicle  now  had  a weight 

of  58  tons  and  considerable  requirements  for  agility,  the 
engine  requirement  was  changed  to  I5OO  hp.  Thus,  the  engine 
was  uprated  to  I36O  CID  and  the  Roots  blowers  had  to  be  used 
again.  This  development  Is  now  said  to  be  proceeding  satis- 
factorily. The  test-and-flx  procedure  Is  yielding  a Duane 
reliability  growth  curve  with  a 0.5  slope  as  desired.  This 
engine  Is  now  designated  as  the  AVCR-I36O. 

Our  findings  with  respect  to  the  AVCR-I36OO  engine  are  as 
follows : 

a.  The  VCR  piston  was  Invented  under  Independent  re- 
search  and  development  and  was  developed  under  a 
< TACOM  technology  base  contract. 
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b.  The  VCR  engine  was  developed  under  a succession  of 
MBT-70,  XM-803,  and  XM- 1 tank  programs,  with  some 
TACOM  technology  base  funding  added.  It  had  to  be 
modified  substantially  to  fit  the  XM-1  tank. 

c.  The  VCR  piston,  superchargers,  and  an  Improved  In- 
jection pump,  made  possible  the  doubling  of  the  power 
output  of  the  old  AVDS-1790  engine  by  the  new  AVCR- 
1360,  v;hile  reducing  the  weight  by  5"  (see  Fig.  C-2). 

d.  The  AVCR-I36O  is  said  to  have  a growth  potential  of 
30?  (see  Fig.  C-3). 

e.  The  availability  of  the  AVCR-1100  development  engine. 
In  fairly  well-developed,  low-risk  form,  was  what  led 
to  Its  adoption  for  one  cf  the  two  competing  versions 
of  the  XM-1.  It  would  net  have  been  available  In 
such  a form,  except  for  the  precursor  MBT-70  and 
XM-803  programs. 


IV.  X-FAMILY  OF  ARMORED  VEHICLE  TRANSMISSIONS 

This  section  deals  with  the  X-200,  X-300,  X-500,  X-700, 
and  X-1100  hydroklnetlc  transmissions  and  the  lessons  that  were 
learned  In  their  development. 


The  model  number  in  the  X-family  corresponds  generally  to 
the  lower  end  of  the  range  of  horsepower  values  that  the  par- 
ticular transmission  is  designed  to  handle. 
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All  the  members  of  the  X-famlly  of  transmissions  are 
crossdrive  transmissions.  They  feature  a hydraulic  torque  con- 
vertor In  combination  with  a pleanetary  range  package  foi'  pro- 
pulsion, a hydrostatic  pump  and  motor  unit  with  combining  plan- 
etaries  for  differential  steer  control,  and  integral,  power- 
assisted  brakes.  An  automatic  converter  lockup  clutch  is 
employed  at  the  higher  vehicle  speeds  to  connect  the  converter 
pump  and  turbine  directly.  The  range  section  consists  of  hy- 
draullcally-applled  clutches  and  planetary  gearing,  providing 
four  forward  speeds  and  two  reverse  speeds.  The  hydrostatic 
steer  consists  of  a differential  steer  system,  controlled  by  a 
hydrostatic  pump  and  motor.  The  integral  brakes  are  of  the 
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A.  X-200 

The  X-200  was  developed  in  1968  by  Allison,  under  the  ARSV 
program,  for  use  in  the  PMC  tracked  vehicle.  Two  pilot  trans- 
missions were  designed,  fabricated,  and  carried  through  lab  and  j 

vehicle  development  on  GM  funding.  TACOM  then  funded  a 6000- 
mile  performance  and  durability  evaluation  in  an  M113A1  vehicle. 
Subsequently,  the  transmission  was  selected  for  the  tracked  j 

version  of  ARSV,  where  7 units  accumulated  more  than  28,000 
miles  of  engineering  development  testing  prior  to  program 
cancellation . The  X-200  transmission  remains  a candidate  for 
a product-improved  M113  vehicle. 

B . X-300  and  X-500 

The  X-300  and  the  X-500  started  out  as  two  distinct  trans-  ' 

missions,  but  were  later  merged  into  a single  unit  with  a range  i 

1 

of  250-550  hp . It  is  now  the  alternate  transm.ission  for  the  ! 

MICV.  The  following  paragraphs  give  its  history  in  some  detail.  i 

I 

The  X-300  transm.ission  study  effort  originally  began  (under  | 

the  technical  supervision  of  the  U.S.  Arm.y  Tank  Automiotlve  Com;- 
miand)  in  1962.  The  first  generation  unit,  the  X300-1,  was  subse- 
quently designed,  component-tested , and  fabricated  in  196^. 

Laboratory,  dynaraom.eter , durability,  and  vehicle  testing  con-  i 

tlnued  through  1967 . During  this  period,  2250  vehicle  miles  at 
3A0  net  horsepower  and  20  tons,  269  laboratory  developm.ent  hours, 
and  8000  simulated  durability  miles,  were  accumulated.  Con- 
currently, the  X500-1  program  accumulated  60  hours  and  63AI 
vehicle  miles  at  550  net  horsepower  and  25  tons. 

In  1968,  a program  began  to  redesign  the  X-300  and  X-500  , 

transmissions,  based  on  the  experience  gained  during  the  first 
generation  testing.  A common  concept  was  employed,  and  com- 
mercial components  were  adopted  so  that  a maxim.um  commionallty 
of  parts,  consistent  with  sound  and  proven  design  practices, 
was  obtained.  The  results  of  this  effort  were  the  X-300-A  and 
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X500-4  transmissions.  A follow-on  fabrication  and  test  pro- 
gram was  also  undertaken  and  com.pleted.  A total  of  208  devel- 
opment hours  and  2810  miles  in  an  M109  test  vehicle,  at  engine 
levels  of  3^0  and  515  net  horsepower  and  vehicle  weights  of  19 
to  22  tons,  respectively,  have  been  accumulated  on  the  -4  con- 
figurations. More  than  1000  of  these  miles  were  run  at  the  : 

515  net  hoi'sepower  level.  j 

The  X300-4  design  was  subsequently  optimized  to  meet  the  ^ 

anticipated  MICV  requirements  in  late  1971  and  early  1972. 

This  optimized  unit  has  undergone  30  hours  of  laboratory  cal- 
ibration and  development  testing  and  has  operated  approximately 
1^00  miles  in  an  M109  test  bed.  The  major  portion  of  this 

operatloti  has  been  at  a 600-ghp  level.  The  latest  operation  1 

has  been  at  a lower,  480-ghp  level.  Primary  test  activity  has  < 

been  concerned  with  performance  and  fuel  economy  corriparlsons 
at  various  power  levels  and  hydrostatic  steer  system  evalua- 
tions. As  of  April  1974,  the  major  problem  had  been  with  the 
commercially  supplied  hydrostatic  steer  unit . But  subsequent 
vendor  design  modifications  have  apparently  eliminated  this 
problem.  The  optimized  transmission,  X300-4A,  was  on  durabil- 
ity test  at  General  Motors  Proving  Grounds  in  an  M109  test  rig 
- vehicle  during  1974.  Fabrication  of  two  new  X300-4A  transmis- 

sions was  undertaken  under  TACOM  contract.  Minor  design  re- 
visions have  been  Incorported  to  meet  MICV  vehicle  installation 
requirements . 

Thus,  the  latest  X-300  units  available  are  the  product  of 
12  years  of  continual  design,  developm.ent , and  test,  including 
560  laboratory  development  hours,  8OOO  simulated  durability 
miles,  and  11,700  vehicle  miles  at  power  levels  to  6OO  ghp  and 
weights  to  25  tons. 

C.  X-700 

The  X-700,  which  was  a cross-drive  model  for  the  retrofit 
i of  the  M-60  tank,  was  a concept  only.  It  evolved  into  the 

^ X-1100  design. 
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The  X-1100  is  the  largest  menber  of  this  transrr.ission 
family.  It  is  now  being  developed  for  both  versions  of  the 
XM-1  tank  (i.e.,  for  the  GH-AVCR-I36O  diesel  engine  and  the 
Chrysler  AGT-I5OO  turbine  engine).  It  is  also  planned  for  use 
as  a retrofit  for  the  M-60  product-improved  tank  with  the  AVDS- 
1790  diesel.  The  X-1100  fits  these  different  roles  by  using  a 
module  design,  in  which  different  input  sections,  adaptable  to 
the  characteristics  of  the  different  engines,  are  utilized.  It 
would  be  equally  adaptable  to  the  Daimler-Benz  KB-873  engine. 


Both  the  X-200  and  the  X-300  have  40;I  of  their  parts  inter- 
changeable v/ith  the  AT-5^0  and  HT-700  commercial  transmissions, 
respectively.  Thus,  these  parts  were  already  developed;  they 
required  only  repackaging  for  use  in  the  X-1100.  More  impor- 
tantly from  a production  point  of  vlev;,  these  parts  are  avail- 
able from  relatively  high  volume  tooling. 

In  the  new  commercial  series,  the  AT  transmission  was  de- 
veloped first,  followed  by  the  HT , and  finally  the  MT . De- 
scriptions of  these  transmissions  are  given  in  Fig.  C-^. 


The  large  volume  production  of  commercial  truck  and  car 
transmissions  has  made  it  possible  for  Detroit  Diesel  Allison 
(DDA)  to  develop  detailed  data  banks  and  ir.ethods  which  can  be 
used  for  predicting  both  the  performance  and  the  reliability  of 
each  component  in  probabilistic  terms.  DDA  has  also  evolved 
a computer-based  methodology  for  simulating  an  entire  trans- 
mission system  and  obtaining  both  perforr.ance  and  reliability 
predictions.  This  requires  typical  duty-cycle  Information, 
i.e.,  information  about  the  torque  and  speed  input  to  the 
transmission  during  the  typical  use  for  which  the  vehicle  is 
Intended.  Such  information  is  obtained  experimentally  for  some 
vehicles  and  is  then  scaled  for  use  with  other  related  types 
of  vehicles. 
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The  AT  5-50  is  a lully  autonuilio  tr.insfnission  wiri  4 lorAjid  fjn.j(;s  .md  1 rt-wersc 
range  Wh.le  the  AT  ^>40  is  the  sfiMlIest  transmission  -n  lh«.-  AUisori  Automat. c 
family,  it  is  not  an  upgraded  p^issengr-r  car  automatic  it  .s  a compact.  yi.t  fug'j».-d 
medium-si^ed  automatic  dos.g«\ed  soecilicaUy  tor  trucKs  wtvch  may  be  used  -.siri 
both  gasoline  and  diesri  enrpnes  up  to  200  not  HP.  Some  topical  applications  .-.here 
II’O  AT  540  IS  a rtMl  bonus  to  the  truck  o^'.ner  and  driver  are.  beverage  delivery/ 
dump/school  bus/rental/farm,  sanitation/ utility  and  van  delivery. 


The  MT  640  with  4 forward  rarigts  iind  1 reverse  range  wilt  accommodate  gasoline 
or  diesel  eng.nes  up  to  250  n.’i  HP  The  Mf  640.  with  its  wide  range  for  medium- 
heavy  trucks.  IS  fully  autcrnalic  which  provides  proven  jOb  performance  m U;e 
toughest  highway  hviulmg  lObs  Folio.viny  are  some  good  examples  of  where  the 
MT  640  improves  truck  perfairnance  and  driver  efficiency  armored  car.' beverage 
delivcry/feed  lol-'firc  iruck ' furniture  delivury./fetfigerated  van/schoo!  bus/'sight- 
seeing  bus/tractor  and  trailer  spotter. 


The  MT  650.  which  h.is  5 forwtird  ranges  ana  1 reverse  range,  -s  an  exir(‘mcly 
versatile  truck  i. ansmiss.cn  It  m.i/  used  w-.ih  both  gas.'hne  and  diusei  engines 
up  to  250  not  HP  In  tidifitiun  . , the  MT  650  is  designed  for  un/ofl  highway  service. 
The  MT  G50  has  an  added  manu  illy  selected  e^tra  tow  first  range,  which  prov.dcS 
except-onal  gradeabii.ty  The  f 'il.jwing  ar»-  some  tyoicaf  apphcat.ons  where  I'le 
MT  650  saves  time  and  miMicy  dump  ex()loration  vefuclo/fuel  Oit  delivery/ gram 
truck/lumber  truck/ nduse  pacner  ' transit  mixer  and  tow  tractor. 


The  HT  750CR  (close  ratio)  is  des"jn.‘d  for  heavy-duty  on-high.vny  trucks  It  is  a 
member  of  the  biggest  automatic  S'-r.os  withm  the  Alhsen  Family  The  HT  750CR 
has  five  forward  ranges  and  one  reverse  range  and  may  be  us>*d  with  d'CSei  engines 
up  to  400  net  HP,  The  HT  750CR  is  designed  primarily  for  over-the-road  (hiie-r  ju: 
tractor  trailer  applications  where  maximum  efficiency  and  productivity  are  espe- 
cially important. 


The  HT  750OR  (deep  ratio)  is  specifically  engineered  for  on/off  highway  operations. 
Th'S  transmission  has  five  forward  ranges  (an  extra  low  first  gear  for  o1l-lugh,vav 
applications)  and  one  reverse  range.  The  HT  750DR  may  be  used  with  diosel 
engines  up  to  400  net  HP,  Hero  is  a partial  hst  of  the  applications  for  the  HT  750DR 
s-ngfe  box  and  trailer  dump/oquipment  hauler/off-highw ay  tractor/ refuse  vehicfe 
and  transit  mixer. 


'Tt  •-  • ■ .••‘■-rir. - 


Note:  spi'/'d  .'i»  ari.j 'or  nuxili.^ry  goinnq  are  avail.»6!e  fer  apuircalirn  v.uh  pe 

AT  ‘.•10.  f/ f 6C..‘  ..nfj  mT  7d0  Scries  rfansrri*;.s"M)s  '.Vah  Ihe  AHiscn  Aulun.ut.c.  extra  gearing 
IS  usrjd  av  rari.je  extenders  only,  not  for  spi»l-sUi!l'nj. 


FIGURE  C-4. 


Commercial  Series  Transmissions 
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Detroit  Diesel  Allison  (DDA)  found  that  about  75%  of  the 
reliability,  maintainability,  and  durability  work  on  components 
and  also  on  vehicle  transmissions  was  directly  transferable 
from  one  model  to  another  (information  obtained  from  F.  Blair, 
DDA  Div.,  GM  Corporation).  This  is  particularly  significant, 
since  the  AT  series  is  rated  at  only  200  hp , while  the  HT 
series  is  rated  at  400  hp . System  integration  tests,  however, 
must  be  done  for  each  vehicle. 

Similar  cases  of  growth  have  been  found  in  other  trans- 
missions. The  TX-lOO  three-speed  transmission  (propulsion 

only)  was  rated  at  175  nhp  in  a 2^, 000-lb  M113A1  tracked 
personnel  carrier.  It  was  then  uprated  to  209  nhp  for  the 
28,000-lb  Dutch  AIFV  (Arm.cred  Infantry  Fighting  Vehicle).  The 
required  component  changes,  vjhich  entailed  the  use  of  proven 
commercial  item.s,  understandably  did  not  cause  any  serious  r.ev; 
reliability  problems. 

A simiilar  uprating  occurred  vjith  the  XTG-250  transm.ission 
first  used  for  the  Sheridan  M-551.  Although  originally 
designed  for  eventual  use  of  3^,000  lb  and  250  nhp,  the  devel- 
opment took  place  at  30,000  lb  and  209  nhp  at  35  mph.  Subse- 
quent changes  raised  these  param.eters  to  36,000  lb  and  2^8  nhp 
at  ^4  mph  for  the  production  vehicle.  The  uprating  was  accom- 
plished by  Increasing  brake  and  steer  clutch  capacities  and  by 
revising  the  heat  treatment  of  gears.  As  finally  used  in 
Vietnam  with  anti-mine  armor  plate  and  extra  amm:unitlon,  the 
vehicle  weighed  43,000  lb. 

It  would  appear  that,  in  automotive  transmissions,  scaling 
laws  for  individual  components  are  reasonably  well  understood. 
Thus,  when  a design  is  tested  at  one  rating,  much  of  the 
reliability  information  is  applicable  to  a scaled-up  or  scaled- 
down  version. 


C-19 


T 


A 


New  designs  are  usually  made  with  an  eye  to  the  economics 
of  production.  For  commercial  designs  that  are  to  be  produced 
in  large  volume,  special  tools  make  up  the  large-cost  item, 
whereas  materials  are  less  significant.  Thus,  housings  are 
usually  designed  with  extra  space  for  more  clutch  plates,  etc., 
which  may  be  required  for  higher  power  or  greater  torque  in  a 
later  model.  On  the  other  hand,  in  military  transm.issions  that 
are  designed  for  low  volume  production  for  a specific  system, 
size  and  weight  are  ootimized  for  the  individual  system.  Here 
is  less  provision  for  growth  than  is  typical  of  the  commercial 
product.  Every  modification  is,  of  course,  paid  for  by  the 
military  customer  and,  thus,  is  a potential  source  of  incomie. 
Consequently , there  is  an  incentive  for  the  designer  to  create 
designs  with  less  room  for  growth. 

The  DDA  simulation  methodology  makes  it  possible  to  pre- 
dict reliability  on  scaled  versions  of  existing  hydrokinetic 
transmissions.  But,  as  of  yet,  it  does  not  permit  reliability 
predictions  on  hydrostatic  transmissions,  largely  because  of 
shock  waves,  ram  effects,  and  other  system  phenomena  occurring 
in  incompressible  fluids  in  the  hydrostatic  transm.ission . 

These  phenomena  depend  on  the  total  system  configuration,  not 
just  on  the  cumulative  actions  of  the  individual  components 
assembled  into  the  system. 


Findings 


It  has  often  been  found  practicable  to  increase  the  input 
rating  of  commercial  hydrokinetic  autom.otlve  transmissions  by 
a large  factor  (about  two),  without  changing  the  basic  tech- 
nology. All  that  is  required  is  to  decrease  the  torque  ratio  of 
the  torque  converter,  add  clutch  plates  and  lubrication,  or 
Improve  the  heat  treatments. 
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In  such  cases,  reliability  and  durability  v/ork  carried  out 
on  the  lower  rated  transmissions  was  applicable,  to  a great  ex- 
tent, to  the  higher  rated  versions.  A successful  design  could 
be  scaled  either  up  or  down,  with  minimal  risk.  Only  system 
integration  tests  had  to  be  done  again  for  each  vehicle.  It 
is  believed  that  these  findings  are  typical,  not  only  of  hydro- 
kinetic  transmissions,  but  also  of  other  military  subsystems, 
where  the  component  and  subsystem  scaling  laws  are  reasonably 
well  known  for  both  performance  and  reliability.  However,  they 
do  not  hold  for  subsystems,  such  as  hydrostatic  transmissions, 
where  system  effects  are  dominant. 

V.  CONCLUSIONS  AND  RECOMMENDATIONS 

% 

There  is  considerable  similarity  in  the  development  his- 
tories of  the  two  engines  and  the  X-family  of  transmissions. 
Each  new  design  had  considerable  growth  potential,  and  this 
growth  took  place  as  the  development  objective  shifted.  No 
major  reliability  problems  developed  as  a result  of  this  shift. 
This  suggests  that  an  automotive  component  or  subsystem/  can 
usually  be  designed  with  growth  in  mind.  The  design  can  then 
be  engineered,  built,  tested,  and  debugged.  And  the  resulting 
debugged  design  can  be  altered  to  meet  a changed  specification, 
vrithout  requiring  a complete  retest  program  for  the  component, 
although  a system  integration  test  program  will  be  required. 

The  reasons  for  growth  potential  design  are  clear  in  the 
case  of  hydrokinetlc  transmissions:  the  reliability  and  per- 

formance scaling  laws  for  individual  components  are  well  known. 
The  effects  of  Integrating  these  components  into  a system  are 
not  dominant.  Thus,  the  extrapolation  of  reliability  informa- 
tion is  quite  meaningful.  Apparently,  a simillar  rationale 
holds  for  piston  engines,  and  to  a much  lesser  extent  for  tur- 
bines. However,  it  breaks  down  when  system/  effects  become 
dominant,  as  shock  waves  do  in  hydrostatic  transmissions  and  as 
thermal  and  vibration  effects  seem  to  in  some  turbine  engines. 
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The  above  conclusion  holds  for  such  industries,  as  the 
automotive  one,  where  a new  design  can  be  made  to  provide  for 
future  growth  without  excessive  penalty.  It  also  requires  that 
both  the  reliability  and  performance  scaling  laws  for  com- 
ponents be  either  well  understood,  or  at  least  be  capable  of 
being  formulated  and  verified  during  the  early  development 
phase;  it  also  requires  that  system  integration  effects  not  be 
dominant.  In  such  cases,  the  need  may  be  clear  for  a certain 
system  to  be  developed,  whose  exact  specifications  are  indeter- 
minate. Also,  some  long  leadtime  components  or  subsystems  may 
need  developing.  Consequently,  we  recommend  that  the  develop- 
ment of  such  long  leadtime  items  be  started,  using  a very  ten- 
tative specification.  A component  or  subsystem  can  then  be  de- 
veloped to  a design  based  upon  this  tentative  specification  but 
allowing  for  future  growth.  It  can  be  tested  and  debugged.  If 
it  then  turns  out  that  the  specification  needs  changing  to  meet 
the  needs  of  the  system,  then  the  component  can  be  redesigned. 
But  the  resulting  redesign  will  not  require  as  much  testing  as 
the  original  one,  because  much  of  the  original  testing  and  de- 
bugging information  will  still  be  applicable  to  the  modified 
design.  Thus,  it  should  be  possible  to  fund  such  long  leadtime 
items  in  advance  of  the  date  when  the  final  system  specifica- 
tion is  known,  and  to  decrease  the  need  for  concurrency  In  the 
development  of  components  and  system.  With  components  and  sub- 
systems made  available  by  an  early  development  process,  the 
system  designer  can  then  proceed  to  design  the  system  with  a 
minimum  of  overall  risk. 

Another  conclusion  that  can  be  drawn  from  this  case  study 
is  that,  often,  the  incentive  system  is  such  that  new  designs 
have  relatively  little  provision  for  growth,  even  though  allow- 
ing for  such  provision  may  be  technically  feasible  and  may  not 
entail  any  unreasonable  added  cost  or  Increase  in  size  or 
weight.  Accordingly,  we  recommend  that  in  drawing  up  specifi- 
cations for  new  component  or  subsystem  designs,  consideration 
should  always  be  given  to  the  inclusion  or  a requirement  that 
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the  new  design  allow  room  for  future  growth.  The  decision  on 
whether  to  include  such  an  item  in  the  specification  must  be 
based  on  a cost-benefit  tradeoff  for  each  case,  giving  due 
weight  to  the  issues  outlined  in  the  preceding  paragraphs. 

The  study  shows  that  Independent  research  and  development 
plays  an  important  role  in  the  uninhibited,  early  invention  of 
new  devices  and  components,  and  that  6.2  and  6 . 3A  funding  sup- 
ports early  development.  These  new  devices  and  components  of- 
ten serve  as  the  very  basis  for  new  system  ideas,  as  in  the 
AVCR  engine,  where  their  early  development  is  a precondition 
for  the  ultimate  development  of  a new  system. 

Just  as  the  existence  of  certain  new  devices  and  components 
is  a prerequisite  for  the  development  of  certain  new  systems, 
the  existence  of  mature  components  and  subsystems  is  a prereq- 
uisite for  the  development  of  a low-risk  system.  This  requires 
extensive  early  development,  including  substantial  RAM  work  for 
selected,  long  leadtime  components  and  subsystems. 

Thus,  we  recommend  the  services'  sponsorship  of  early  de- 
velopment for  some  long  leadtime  devices  and  components.  For 
a few  critical,  long  leadtime  components  and  subsystems,  early 
RAM  work  should  also  be  undertaken. 
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APPENDIX  D 


THE  GAU-7  GUN 


I.  INTRODUCTION 

The  development  of  the  F-15  fighter  was  preceded  by  nearly 
a decade  of  studies  and  analyses.  In  the  course  of  these 
studies,  a need  for  a new  aircraft  cannon  was  identified. 

To  minimize  concurrency  in  the  new  fighter  program,  the 
Air  Force  undertook  early  development  of  some  of  the  high- 
risk  subsystems  before  airframe  development. 

A QMR  was  developed  for  a high  performance  aircraft 
cannon  (HIPAC).  This  resulted  in  contracts  with  A.eronutronics 
Division  of  Philco-Ford  Corporation  and  with  G.E.,  in  the  summer 
of  1967,  for  competitive  developments.  In  January  of  1968, 
Aeronutronics  accepted  a proposal  from  IITRI  for  the  develop- 
ment of  a high-performance  telescoped  round  with  a fully  com- 
bustible case. 

Phase  I of  the  program  was  a conceptual  design.  Phase  II 
(1969-1970)  was  a continuation  of  the  gun  design,  ammunition 
development,  and  gun  fabrication.  Phase  III  covered  the  design 
of  a feed  system  and  a shootoff  to  select  the  contractors  who 
would  complete  the  development  and  undertake  the  manufacturing 
of  the  gun  and  ammunition. 

In  Phase  IV,  which  was  to  be  the  final  stage  of  develop- 
ment, problems  arose  that  could  not  be  solved  under  the  con- 
straints of  time,  funding,  and  special  requirements  for  the 
weapon.  And  the  GAU-7  program  was  terminated. 


D-1 


♦ V.  > 


II.  DEVELOPMENT 


The  design  of  a gun  system  requires  coordination  of  the 
design  of  the  aircraft,  gun,  ammunition,  feed,  and  storage 
systems.  Historically,  it  has  taken  8 to  11  years  to  develop 
a new  gun  and  new  ammunition.  If  the  ammunition  exists  al- 
ready, then  gun  development  proceeds  smoothly  in  about  six 
years.  In  the  case  of  the  GAU-7,  a concurrent  development  of 
gun  and  ammunition  was  planned,  and  several  of  the  requirements 
for  the  gun  and  ammunition  exceed  the  state  of  the  art. 

The  GAU-7  program  began  with  a set  of  requirements  calling 

for : 

• Caseless  ammunition 

• A fully  telescoped  round 

• High  velocity;  4000  fps 

• High  rate  of  fire:  5000  rounds  per  min 

• Lightweight  gun 

Phase  I of  HIPAC  included  conceptual  design  and  gun  and 
ammunition  tests,  which  called  for  the  firing  of  some  rounds 
from  a single-shot  test  fixture.  This  phase  was  to  demonstrate 
technical  feasibility,  including  the  feasibility  of  telescoped 
caseless  ammunition.  Philco-Ford  and  G.E.  were  prime  contrac- 
tors and  IITRI  and  Hercules  were  ammunition  subcontractors. 

The  primary  purpose  of  telescoping  a round  is  to  reduce 
the  volume  of  ammunition  carried.  Various  degrees  of  tele- 
scoping are  possible.  Full  telescoping  is  where  the  total 
round  is  essentially  the  same  length  as  the  projectile.  Partial 
telescoping  is  where  the  round  may  be  considerably  longer  than 
the  projectile.  Pull  telescoping  presents  some  difficulties. 

It  requires  a special  ignition  time  history,  enabling  the  pro- 
jectile to  move  forward  into  the  chamber  and  seal,  followed  by 
the  development  of  full  chamber  pressure  and  the  propelment  of 
the  round  from,  the  barrel. 


With  respect  to  telescoping,  IITRI  reported; 


"The  barrel  entrance  for  telescoped  combustible- 
cartridge  case  rounds  must  be  carefully  designed.  The 
reason  for  this  care  arises  from  two  conditions  directly 
related  to  telescoped  combustible-case  rounds.  First, 
the  combustible  case  provides  a soft  launching  platform 
for  the  projectile,  guiding  it  into  the  barrel.  Second, 
the  telescoped  feature  of  the  design  means  that  the  pro- 
jectile must  travel  its  entire  length  before  it  is  com- 
pletely within  the  barrel,  which  means  that,  compared 
to  a standard  configuration  round,  the  round  velocity 
at  the  time  it  is  completely  within  the  barrel  is  high. 
Third  (and  related  to  the  second  point),  it  is  desired 
to  project  the  round  out  of  the  telescoped  combustible 
case  as  fast  as  possible  to  obturate  the  barrel  and  pre- 
vent blow-by  from  the  propellant  ahead  of  the  projectile 
(in  the  annular  section  surrounding  the  projectile  in 
the  case).  Under  these  conditions  it  is  possible  to 
generate  a transient  projectile  jump  that  causes  a de- 
viation between  the  axis  of  the  projectile  and  barrel. 

If,  under  such  a condition  of  misalignment , the  round 
engages  a rifling  in  the  barrel,  subjecting  it  to  a 
rotational  couple,  projectile  balloting  can  result. 

Thus,  when  the  projectile  leaves  the  muzzle  it  may  have 
a spin  about  some  undetermined  axis.  In  effect,  the 
yaw  at  the  muzzle  is  a function  of  the  yaw  in  the  barrel, 
which  is  dependent  upon  the  barrel  entrance  conditions." 

IITRI  also  observed  that  previous  firings  with  30-mm  com- 
bustible case  ammunition,  with  a specially  designed  barrel  en- 
trance geometry,  gave  stable  round-to-round  launches.  It  pro- 
posed to  make  the  25-mm  HIPAC  barrel  entrance  similar  to  that 
of  its  30-mm  design. 

The  term  "caseless  ammunition"  means  that  there  is  no  non 
consumable  external  shell  surrounding  the  propellant,  and  that 
the  propellant  itself,  or  some  other  consumable  material, 
serves  as  the  container  for  the  propellant,  primer,  and  projec 
tile.  An  acrylic  fibre  and  nitrocellulose  were  used  in  the 
round,  and  a residue  problem  arose. 

The  absence  of  a hard  case  also  introduced  the  problem  of 
sealing  the  hot  combustion  gases  into  the  chamber. 
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The  residue  and  the  sealing  problems  became  major  issues 
during  this  development. 

The  Phase  II  program,  in  1969-70,  included  the  finishing 
of  the  gun  design  and  continuing  ammunition  development.  G.E. 
and  Hercules  were  active  in  the  program  also.  Aeronutronlcs 
was  confident  that  all  problems  could  be  solved.  The  main 
problems  in  Phase  II  were 

• Sealing  the  chamber 

• Sealing  the  firing  pin 

• Residue  accumulation  and  metal  erosion 

• Designing  the  feed  mechanism. 

The  sealing  problem  affected  the  gun  performance,  because 
leakage  of  the  hot  propellant  gases  eroded  metal  and  increased 
the  tolerances,  thereby  reducing  the  gas  pressures  and  the  pro- 
jectile velocity.  Reduced  chamber  pressure  mitigated  the  seal- 
ing and  erosion  problem,  but  it  also  reduced  the  projectile 
velocity . 

The  residue  accumulation  lead  to  a short  firing  life  for 
the  gun.  The  corrosive  gases  leaking  past  the  seals,  coupled 
with  the  deposit  of  the  residue,  lead  to  considerable  reduction 
in  burst  length. 

Problems  in  the  ammunition  feed  system  arose  from  the  merg- 
ing of  the  feed  section  and  the  gun.  A principal  concern  (of 
the  military  sponsors)  was  the  possibility  of  the  ammunition 
getting  wet  or  too  hot  or  cold.  A protective  coating  was  added 
to  the  rounds,  which  had  to  be  stripped  off  before  the  round 
could  enter  the  chamber.  This  was  an  additional  complication. 
Rounds  were  being  damaged  in  the  feed,  and  the  stripping  mech- 
anism was  not  working  well. 

The  high  firing  rate  of  the  GAU-7  demanded  a gun  that  was 
externally  driven,  i.e.,  the  action  was  separately  powered  as 
opposed  to  guns  driven  by  recoil  or  hot  gas.  This  required  a 
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uniformity  of  firing  times  that  was  not  present  in  the  caseless 
ammunition.  Rounds  were  being  damaged  in  the  feed,  and  jamming 
occurred.  It  was  hard  to  get  the  velocity  up  to  the  specified 
value,  because  of  the  need  to  reduce  the  action  time  to  raise 
the  rate  of  fire. 

Early  in  the  program,  IITRI  calculated  the  driving  loads. 

It  concluded  that  the  bearing  stress  on  the  driving  force,  and 
the  shear  acting  across  the  base  of  the  band,  could  be  allevi- 
ated with  high  copper  content  rotating-band  compositions. 

IITRI  recognized,  at  the  start,  that  the  centrifugal  stresses 
in  the  rotating  band  represent  a critical  design  area,  and  it 
recommended  consideration  of  a welded  overlay  band.  The  Air 
Force,  however,  insisted  to  the  end  on  a plastic  rotating  band. 

The  plastic  band  never  worked,  and  this  became  a major  obstacle 
and  an  important  factor  in  the  future  of  the  program. 

Another  major  problem  surfaced  at  this  time:  round  sur- 

vivability and  vulnerability.  The  rounds  burned,  but  they  did 
not  explode  unless  confined.  Rounds  vjould  be  confined  in  the 
aircraft,  which  became  a major  Issue  with  the  airfi-ame  con- 
tractor later  on.  Several  methods  for  quenching  fires  were 
considered,  but  no  decisions  were  made  at  this  point. 

Phase  II  ended  with  the  firing  ol'  the  Phase  II  fixture 
(A5OO  r/m)  with  a ?5-round  burst.  The  burst  was  limited  by 
residue  buildup.  The  problems  that  followed  the  program  to  the 
end  were  set  by  the  conclusion  of  Phase  II. 

Phase  III  was  to  establish  proof  of  principle.  It  Included 
the  first  contract  award  for  feed  system  design  to  accommodate 
I5O-25O  rounds.  The  rights  to  the  telescoped  caseless  round 
concept  of  IITRI  were  sold  to  the  Brunswick  Corporation,  during 
Phase  III,  and  Brunswick  became  the  supplier  of  ammunition  to 
Philco . 

Hercules  (G.E's  partner  in  the  competition)  was  permitted 
to  supply  rounds  to  Philco-Ford  for  evaluation.  Aerojet  Corporation 
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Shillelagh  companion  round  was  also  considered.  Philco  con- 
sidered the  Brunswick  round  to  be  structually  better  than  the 
Hercules'  round,  but  the  Hercules'  round  was  better  from  the 
standpoint  of  environmental  protection,  e.g.,  waterproof ing . 

Although  the  Philco  gun  could  fire  at  the  design  rate  but 
only  In  short  uneven  bursts,  Philco 's  attitude  was  very  opti- 
mistic. At  this  time,  a restaff Ing  took  place  at  Philco-Pord 
Aeronutronics . People  formerly  occupied  v;ith  the  reentry  pro- 
grams were  transferred  to  the  gun  program.  A shootoff  at  Eglln 
AFB  was  scheduled  for  the  end  of  Phase  III.  The  P-15  ajrcraft 
contractor  had  not  yet  been  selected. 

Philco-Pord  Aeronutronics  beat  G.E.  in  the  shootoff  at 
Eglin.  G.E.  encountered  problems  in  the  shootoff  that  Aero- 
nutronics would  have  later  on.  The  gun  weight  was  reevaluated. 
A 150-lb  reduction  was  desired,  because  the  Air  Porce  wanted 
the  GAU-7  to  be  similar  in  weight  to  the  20-mm  cannon.  This 
was  to  pose  a major  problem  in  reliability,  because  weight  had 
to  be  reduced  from  highly  stressed  parts. 

The  requirement  for  light  weight  in  a high-performance  gun 
demanded  removing  metal  from  highly  stressed  parts.  Further- 
more, since  the  gun  was  externally  driven,  uniform  action  times 
and  rapid  ignition  times  were  required.  Both  of  these  require- 
ments were  unachievable,  because  of  the  pulse-pulse  mode  of 
propellant  burning.  Variations  in  timing,  stemming  from  lack 
of  round  repeatability,  leads  to  Jamming,  broken  rounds,  and 
possible  damage  to  the  lightweight  stressed  parts. 

Phase  IV  was  to  be  the  development  of  the  actual  gun.  All 
of  the  Phase  III  work  Involved  prototypes  and  test  fixtures. 
Philco  could  not  improve  the  Phase  III  product  by  30%,  and  now 
it  started  to  design  a new  gun,  with  separate  chambers.  The 
weight  requirement  was  unrealistic,  since  the  weight  goal  was 
well  beyond  the  state  of  the  art  for  guns.  Furthermore,  the 
ammunition  was  not  to  be  changed.  The  decision  was  that  Phase 
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Ill  ammunition  was  considered  not  bad,  and  now  it  should  be 
made  producible  in  large  quantities. 

The  design  problems  now  began  to  surface.  The  ammunition 
had  to  be  burned  in  the  "nonstop"  mode  to  achieve  ballistic 
performance,  but  the  seals  required  a pulse-pulse  mode.  Sub- 
specification ammunition  would  work  the  gun  seals  properly,  i 

but  it  would  lose  about  1000  fps  in  velocity.  This  problem  I 

was  caused  mainly  by  the  fully  telescoped  aspect  of  the  case-  ; 

less  round. 

The  new  gun  design,  with  separate  chambers  and  two  seals, 
compounded  the  problem.  Design  alternatives  that  could  have 
minimized  seal  problems  were  not  tested,  e.g.,  the  M-61  recip- 
rocating bolt,  front  load  revolvers. 

The  proposed  solution  to  the  survivability  and  vulner- 
ability problem  was  to  eject  the  ammunition  storage  box  after 
a fire  warning  and  before  explosion.  This  proposal  was  not 

acceptable  to  the  Air  Force.  Satisfactory  solutions  to  the  j 

1 

GAU-7  problems  were  not  forthcoming  by  the  deadline  imposed  by  ' 

the  F-15  SPO,  and  the  GAU-7  program  was  terminated.  | 

It  is  important  to  recognize  the  coupling  between  the  j 

problems  of  the  gun  and  the  problems  of  the  ammunition.  The  j 

problem  of  the  gun  sealing  propellant  would  not  have  occurred,  \ 

if  a fully  telescoped  caseless  round  had  not  been  required.  | 

The  poor  sealing  of  the  chamber  permitted  gas  blowby,  and  the  1j 

1 1 

subsequent  metal  erosion  and  residue  deposition  contributed  to  [j 

the  short  firing  life  of  the  gun.  j 

Toward  the  end  of  the  program,  some  tests  were  run  at  | 

Eglin  AFB,  using  a plastic  cased  cartridge  with  a copper  rota-  j 

•h,  ting  band.  This  round  did  duplicate  the  GAU-7  ballistics  on 

•’  a test  fixture,  but  the  copper  band  could  not  be  considered 

' further,  because  the  program  demanded  caseless  ammunition  and 

a plastic  rotating  band. 
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The  mass  production  rounds  made  in  large  quantity  for 
Phase  IV  had  larger  dimensional  variations  than  those  of  the 
test  rounds  made  for  Phase  III,  and  this  contributed  to  the 
sealing  problem  too. 

III.  OBSERVATIONS 

The  principal  requirements  of  the  gun  system  were: 

• Ballistic  performance 

• Firing  rate 

• Gun  weight 

The  specific  requirements  for  the  ammunition  were: 

• Caseless  round 

• Fully  telescoped  round 

• Low  vulnerability  and  high  survivability 

• High  resistance  to  environment  (e.g.,  waterproof,  and 

temperature  insensitive). 

The  apparent  objectives  in  specifying  the  fully  telescoped, 
caseless  round  were  to  save  on  volume  and  to  preclude  the  use 
of  shell  cases.  The  consequences  of  specifying  fully  telescoped, 
caseless  ammunition  are  listed  here  according  to  the  source: 

• Full  telescoping  caused  problems  in: 

- Projectile  seating 

- Sealing  the  chamber 

- Pulse-pulse  mode  of  propellant  burning. 

• Caseless  ammunition  caused  problems  in: 

- Sealing  the  chamber  and  firing  pin 

- Residues 

- Survivability  and  vulnerability. 

In  retrospect,  it  appears  that  yielding  on  some  of  the  re- 
quirements might  have  saved  the  program.  But  it  would  have  di- 
minished the  superiority  of  the  new  weapon  over  what  was  already 
available,  thereby  reducing  the  justification  for  the  new  weapon 
development . 
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Early  development  might  have  been  helpful  by  exposing  the 
problems  earlier.  But  it  is  not  clear  that  this  would  have 
prevented  the  failure,  since  the  problem  symptoms  were  ignored 
during  the  directed  development. 
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APPENDIX  E 


THE  SRAM  WEAPON  SYSTEM 

This  appendix  reviews  the  history  of  SRAM,  emphasizing 
the  problems  encountered  during  development  of  one  critical 
subsystem.  The  high  performance  specified  for  the  system  pre- 
cluded the  use  of  off-the-shelf  components  or  subsystems.  Each 
subsystem  required  required  significant  advances  in  the  state 
of  the  art  and  not  Just  repackaging.  Without  definite  specifi- 
cations to  work  toward--not  only  in  the  usual  performance 
parameters  but  in  volume,  weiglit , vibration  environment,  power 
required,  radiation  hardening,  etc. — the  independent  develop- 
ment effort  would  not  have  produced  usable  components. 

Information  contained  in  this  appendix  was  obtained 
chiefly  from  A.  H.  von  der  Esch,  who  was  general  manager  of  the 
Lockheed  Solid  Propellant  Division  during  the  entire  SRAM  de- 
velopment program,  and  from  John  R.  Smith  of  Boeing,  who  was 
head  of  the  SRAM  Systems  Engineering  from  the  first  concept  de- 
velopm.ent  activity  to  the  delivery  of  the  1000th  missile. 

I.  SYSTEM  DESCRIPTION 

The  SRAM  weapon  system  (also  known  as  the  WS-lAOA)  consists 
of  a nuclear-armed  missile,  airplanes  that  support,  control, 
and  launch  the  missile,  specialized  ground  support  equipmient , 
and  trained  personnel.  The  missile  can  be  launched  throughout 
a wide  envelope  of  carrier  aircraft  speeds  and  altitudes,  with 
its  flight  programmed  for  one  of  many  trajectory  and  velocity 
profile  options.  The  trajectory  may  be  semiballistic  for  max- 
imum range  or  low-level  performance,  controlled  by  either  an 
inertial  system  or  an  altitude  sensor.  The  weapon's  velocity 
profile,  shaped  by  a two-burn,  variable  interval  solid  rocket, 
may  be  programmed  to  provide  maximum  velocity  over  the  last  10 
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miles,  maximum  average  velocity,  or  maximum  range.  The  target 
may  be  at  any  azimuth  from  the  launch  airplane,  including  to 
the  rear.  A given  missile  is  uncommitted  to  a specific  target, 
until  the  target  coordinates  are  fed  into  the  tiissile  during 
launch  countdown. 

Currently,  both  the  B-52  and  FB-111  aircraft  are  opera- 
tional carriers  of  SRAM.  The  B-1  is  expected  to  be  a SRAM 
carrier  and  is  designed  with  three  identical  weapon  bays,  each 
180  inches  long,  with  a capacity  of  eight  SRAM  missiles  on  ro- 
tary racks. 

II.  PROGRAM  HISTORY  (See  Fig.  E-1) 

The  Specific  Operational  Requirement  (SOR)  that  led  to 
SRAM  was  Issued  by  the  Air  Force  in  1964.  The  Boeing  Conipany 
was  one  of  tv;o  winners  of  a System  Definition  Contract,  cover- 
ing work  in  1965  and  I966.  In  November  I966,  a total  package 
procurement  type  contract  was  let  to  Hoeing,  covering  the  de- 
sign, development,  test,  and  evaluation  of  the  whole  system. 
Boeing  had  near-complete  conti-ol  over  system  design  and  sub- 
contractor selection. 

The  first  step  in  developing  SRAM  was  to  put  together  a 
specification  tree  that  identified  all  m.ajor  functional  equip- 
ment and  the  equipment's  interactions.  The  equipment  was  di- 
vided into  three  categories : 

• Air  Vehicle  Equipment  (AVE),  which  consists 
of  missile  components 

• FB-jll  and  B-52  Carrier  Aircraft  Equipment 
(CAE),  which  consists  of  SRAM  system  avionics 

• Aerospace  Ground  Equipment  (AGE),  which  con- 
sists of  all  dedicated  ground  equipment  nec- 
essary for  SRAM  operation  and  maintenance. 
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CONTRACT 


FIGURE  E-1 . Program  Phasing 


Major  sections  of  the  AVE  are  what  are  usually  referred 
to  as  subsystems,  but  all  major  elements  of  the  CAE  and  AGE 
were  developed  as  subsystems  specifically  for  SRAM. 

The  selection  by  the  prime  contractor  of  subsystem  sup- 
pliers was  done  in  stages.  First,  the  system  manager  (Boeing) 
had  to  be  sure  that  he  had  knowledgeable  personnel  of  his  own 
for  each  of  the  technical  areas  Involved.  Preliminary  screen- 
ing was  then  accomplished  on  the  companies  that  had  expressed 
interest  in  bidding  on  the  development  and  production  of  each 
subsystem.  The  companies  were  screened  according  to  the  usual 
criteria  of  past  history,  plant  facilities,  available  personnel, 
and  the  understanding  of  the  problem.  Bids  were  then  invited 
on  very  detailed  design  specifications,  and  the  selection  was 
made  based  on  the  received  bids.  The  state  of  the  art  was  being 
pushed  in  all  areas,  and  competition  for  the  contracts  was  in- 
tense . 

The  system  development  and  integration  Job  did  not  go  com- 
pletely smoothly.  There  were  mistakes  in  judgment  as  to  the 
available  level  of  technology,  and  as  to  what  performance  could 
be  delivered  when.  Several  law  suits  resulted  between  supplier, 
the  prime  contractor,  and  the  Air  Force.  But  the ’first  launch 
occurred  on  schedule  in  June  1969,  with  the  first  production 
missile  delivered  in  1972  (see  Fig.  E-1).  The  last  missile  In 
the  1500  total  came  off  the  production  line  in  February  1975 
and  was  delivered  to  the  Air  Force  in  August  1975- 

III.  PROGRAM  RESULTS 

The  SRAM  weapon  system  program  reached  IOC  on  schedule  in 
1972,  with  only  a small  reduction  in  performance  from  that  en- 
visioned in  I96L.  The  average  cost  per  missile  of  the  first 
block  of  production  missiles  was  much  higher  than  originally 
planned.  But  the  costs  went  down  a steep  "learning  curve"  ?>nd, 
at  the  end  of  production,  actual  unit  cost  was  below  the  pre- 
dicted value  and  below  that  of  the  negotiated  price.  The  only 
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incentive  provision  in  the  prime  contract  was  for  radar  cross- 
section  reduction,  under  which  the  prime  contractor  earned  al- 
most all  of  the  available  incentive  award. 

Today,  SRAM  is  a successful,  operational  system  with  no 
recognized  deficiencies.  Other  than  shooting  down  the  aircraft 
that  carry  it,  no  high-confidence  military  weapon  exists,  of 
either  the  United  States  of  the  Soviet  Union,  to  counter  the 
SRAM.  The  Air  Force  has  no  modifications  planned  and  no  SOR 
for  a successor. 


IV.  DEVELOPMENT  PROBLEMS 

Most  major  new  systems  have  some  problems  in  meeting  the 
original  schedule  and  product  specifications.  But  Increased 
management  attention,  with  minor  reallocation  of  development 
resources,  will  usually  provide  satisfactory  solutions. 

The  SRAM  system  exemplifies  this  philosophy,  but  to  an 
extreme  degree.  The  weapon  system  required  advances  in  a num- 
ber of  technical  areas:  guidance,  radar  cross-section  reduc- 

tion, flight  control  subsystems,  and  propulsion,  which  was  the 
most  critical.  The  system  concept  was  based  on  achieving  not 
only  high  total  impulse  in  a given  volume,  but  also  the  de- 
livery of  thrust  in  two  pulses,  separated  by  a variable-length 
time  interval.  Rocket  restarts  had  been  accomplished  before, 
but  not  at  the  low  temperature  and  pressures  associated  with 
high  altitude.  Several  new  technical  problems  were  Introduced 
here,  and  the  difficulty  of  solving  them  was  seriously  under- 
estimated in  the  system  planning  and  definition  phase.  The 
problems  of  getting  adequate  bulk  specific  impulse  and  a nozzle 
liner  that  could  withstand  temperature  cycling  were  particularly 
difficult.  No  previous  development  effort,  either  contract- 
funded  or  IRAD,  had  progressed  to  a point  where  the  level  of 
technology  could  be  reliably  extrapolated. 


E-5 


The  competition  for  the  contract  to  develop  and  produce 
the  SRAM  motor  was  intense.  Competitors  were  the  leaders  in 
the  industry,  including  Lockheed,  Hercules  Powder,  Thiokol,  and 
Aero-Jet  General.  Lockheed,  through  its  propulsion  subsidiary, 
won  the  competition  to  develop  the  motor  with  a fixed  price  bid 
of  approximately  $6  million.  The  next  closest  bid  was  for  $7 
million. 

By  the  time  the  motor  was  qualified,  approximately  three 
years  later,  Lockheed  had  spent  $66  million.  During  the 
height  of  the  developm.ent  problems,  v/hen  motors  were  consist- 
ently blowing  up  test  stands,  the  prime  contractor  (Boeing) 
had  more  engineers  working  on  the  propulsion  subsystem  at 
Lockheed  than  Lockheed  did  Itself.  Another  indication  of  the 
technical  difficulty  in  this  area  was  the  inability  of  Thiokol, 
during  the  production  phase,  to  qualify  as  a second  source  of 
motors,  even  after  being  given  a $12  million  contract  and  much 
of  Lockheed's  know-how.  Eventually,  the  motor  was  developed 
with  only  a minor  compromise  in  low-level  performance.  The 
two-pulse  concept  is  vjorking  as  planned,  and  the  operational 
reliability  is  high.  Lockheed  recovered  most  of  its  develop- 
ment contract  losses  during  the  production  phase,  but  sub- 
sequently dropped  out  of  the  solid  propellant  business. 

Serious  development  problems  also  existed  in  the  guidance 
subsystem  and  in  components  of  the  flight  controls,  but  none 
came  as  close  to  causing  the  pi’ogram  to  fail  as  did  the  pro- 
pulsion problem. 

V.  FINDINGS 

a.  The  SRAM  system  used  no  off-the-shelf  subsystem  or 
major  component. 

Comment : This  should  be  expected.  A high-performance, 

high-technology  system  such  as  SRAM  would  probably  not 
incorporate  any  existing  subsystem  except,  possibly, 
one  that  represents  so  much  development  time  and  cost 


that  to  reject  it  would  be  to  make  the  new  system 
economically  infeasible.  There  was  no  such  subsystem 
for  SRAM,  unless  the  launch  platforms  (B-52  and  FB-111) 
could  be  considered  as  such. 

b.  The  specific  operational  concept  and  the  physical  en- 
vironment for  a weapon  system  are  critical  in  the  de- 
sign and  evaluation  of  important  subsystems. 

Comment : The  SRAM  system  provides  the  example,  in  the 

case  of  the  propulsion  subsystem,  where,  if  a high 
specific-impulse  motor  had  been  developed  independently 
without  knowledge  of  the  heat  soak  problem  or  even  of 
the  very  severe  volume  limitation,  it  probably  could 
not  have  been  used.  To  develop  a high  technology 
piece  of  hardware,  with  the  intention  of  producing  a 
standard  item,  is  a very  risky  undertaking.  The 
likelihood  of  understanding  the  relative  importance 
and  utility  of  all  the  possible  specification  param- 
eters appears  very  low  indeed.  For  example,  these 
parameters  include  vibration,  resistance  to  radiation, 
total  observables,  volume,  and  required  operating  time. 
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APPENDIX  F 

FORWARD-LOOKING  INFRARED  SENSORS  (FLIRs) 


Forward  Looking  InfraRed  sensors  (FLIRs)  have  been  devel- 
oped over  a long  period.  By  the  midsixties,  FLIRs  already  had 
good  performance,  rivalling  low  light  level  TV  (LLLTV).  The 
market  was  poor,  however;  most  buys  were  for  only  one  or  a few 
units  at  extremely  high  prices  ($500,000).  Volume  production 
was  unknown,  and  there  was  no  real  hope  of  lowering  the  unit 
price  as  long  as  each  unit  required  R&D,  followed  by  custom 
design  and  fabrication. 

The  Night  Vision  Laboratory  (NVL)  at  Ft.  Belvoir  had  been 
set  up  by  the  Army  as  the  lead  laboratory  in  the  infrared  area. 
It  had  already  a well-developed  organization  for  dealing  with 
both  R&D  for  new  technology  and  the  translation  of  nev/  tech- 
nology into  volume  production.  It  achieved  this  capability  by 
developing  the  required  production  engineering  methods  and  by 
standardizing  the  required  product  to  increase  the  volume  re- 
quired. This  was  proven  during  the  long  (more  than  five  years) 
and  successful  effort  to  standardize  Generation  I and  Genera- 
tion II  image  intensifier  tubes.  During  that  effort,  tubes 
with  l8-mm,  25-mm,  and  50-mm  photocathodes  were  developed  as  a 
standard  family,  and  were  used  in  a great  variety  of  applica- 
tions. 

In  its  role  as  lead  Army  laboratory  in  infrared,  NVL,  with 
k strong  encouragement  from  ODDRE,  studied  the  market  for  FLIR 

r systems,  both  in  existing  applications  and  in  new  areas  that 

might  open  up,  if  the  price  were  to  plummet.  It  concluded  that 
S the  market  would  really  open  up,  if  the  cost  of  FLIR  systems 

^ could  be  lowered  to  between  $10,000  and  $50,000. 
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NVL,  still  with  the  strong  encouragement  of  ODDRE,  used 
its  position  as  the  major  service  funding  agency  for  Infrared 
R&D  to  force  the  standardization  of  PLIR-related  detectors  using 
HgCdTe,  a material  that  can  attain  suitable  detectivity  at 
77°K.  The  deciding  factor  here  was  the  relatively  high  tem- 
perature of  operation  and  the  moderate  cooling  load. 

NVL  was  then  instrumental  in  initiating  a trlservice  study, 
sponsored  by  the  Joint  Logistics  Commanders,  on  the  modulariza- 
tion and  standardization  of  building  blocks  for  FLIR  system. 

An  NVL  study  team  defined  the  requirements  for  the  various 
building  blocks  and  invented  some  designs  suitable  for  modula- 
tion, including  an  oscillating  scanner.  Honeywell  and  TI  were 
asked  to  brassboard  these  designs;  TI  produced  a suitable  pro- 
totype. With  the  backing  of  the  Joint  Logistics  Commanders, 

NVL  was  then  able  to  proceed  with  the  standardizatl on  effort, 
using  the  TI  system. 

Throughout  this  program,  the  Army  supported  NVL  both  be- 
cause of  the  logic  of  its  actions  and  because  NVL  was  the  Army's 
lead  laboratory  in  infrared.  The  Navy  had  no  centralized  view 
on  this  subject,  although  Admiral  Kidd  did  back  NVL.  The  Air 
Force  was  less  cooperative;  at  one  point  it  tried  to  have  a 
different  FLIR  system  one  designed  with  serial  scan  by  Honeywell 
adopted  as  the  common  FLIR  system  for  all  tactical  applications. 

Certain  approaches  were  the  key  to  attaining  success  in 
this  effort.  First,  a procurement  approach  had  to  be  developed, 
in  parallel  with  the  technological  effort,  to  ensure  the  devel- 
opment of  volume  production  capability  by  several  contractors. 
Suitable  data  packages  had  to  be  obtained  from  TI , and  their 
^ validity  had  to  be  checked  in  house  by  actually  building  the 

.•i  various  modules  from  them.  This  took  much  effort — and  some 

3000  engineering  changes!  Once  a valid  production  data  package 
\ was  available,  a second  volume  production  source  had  to  be 

4 found  for  each  module.  Thus,  competltion--and  lower  prices-- 


In  this  program,  it  became  clear  that  the  repair  philos- 
ophy dictated  the  data  requirement.  For  throwaway  modules, 
form,  fit,  and  function  standardization  is  sufficient.  But  for 
every  module  that  must  be  repaired  by  the  Government  (as  op- 
posed to  repair  by  the  contractor),  configuration  control  is 
essential,  and  detailed  information  on  the  internal  structure 
of  the  module  is  required  to  permit  repair.  Thus,  part  lists, 
drawings,  etc.,  are  needed. 

NVL  had  the  advantages  of  the  full  support  of  ODDRE  and 
of  having  no  other  service  organization  as  significant  compet- 
itors in  the  field  of  Infrared.  But  NVL  also  had  to  provide 
the  Government  with  a continuity  of  purpose  in  this  five-year 
endeavor . 

Our  conclusions  with  respect  to  developing  subsystem"  sim- 
ilar to  the  FLIR  systems  are  as  follows: 

1.  To  provide  the  real  benefits  of  standardization,  ways 
have  to  be  found  to  ensure  volume  production  by  two 
or  more  suppliers  and  continuing  competition.  This 
entails  the  development  of  a suitable  production  data 
package  and  an  Industrial  base. 

2.  A repair  philosophy  must  be  defined  early  in  the 
standardization  process.  If  service  repair  is  con- 
templated, then  configuration  control  must  be  im- 
plemented inside  each  module;  form,  fit,  and  function 
standardization  is  not  sufficient. 

3.  A strong  central  guiding  organization,  capable  of  de- 
veloping both  technology  and  an  industrial  base,  is 
central  to  a successful  standardization  effort. 
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AIRCRAFT  SUBSYSTEMS 


I.  SUMMARY 

A preliminary  analysis  of  aircraft  subsystem  development 
was  carried  out  by  examining  the  history  of  three  military  air- 
craft: The  A-4,  F-15,  and  F-17/F-18.  The  A-4  series  has  a 

20-year  history,  the  F-15  is  just  getting  into  squadron  service 
and  the  F-17/F-I8,  which  evolved  from  the  T-38/F-5  series,  are 
in  the  prototype  development  stage.  Despite  the  different  life 
cycle  phases  these  aircraft  are  in,  there  are  some  similarities 
in  the  program.s  that  are  worth  examining. 

The  principal  categories  of  subsystems  considered  in  this 
study  are : 

• Avionics 
-Radar 

-Communications  and  navigation 

-Weapons  control 

-ECM 

-Digital  computers 
-Heads-up  displays  (HUD) 

• Mechanical  systems 

• Secondary  power 

• Fuel  Systems 

• Escape  systems 

• Landing  gear  wheels  and  brakes 

Among  the  programs  considered  here  are  a few  examples  of 
early  development,  although  generally  subsystem  development  is 
concurrent  with  the  program  (and  might  be  a repackage  of  ex- 
isting equipment).  According  to  the  definitions  established 
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for  this  task,  early  development  or  independent  development 
does  not  usually  play  a major  role  in  these  acquisition  pro- 
cesses; exceptions  might  be  such  long  leadtime  items  as  engines 
and  radars.  The  aircraft  prime  contractors  exhibit  clear  pref- 
erences for  particular  modes  of  subsystem  development  and  ac- 
quisition. They  look  first  for  suitable  equipment  already  in 
production.  However,  for  first-line  aircraft,  many  critical 
items  are  not  available  and  have  to  be  developed.  The  contrac- 
tors themselves  prefer  to  control  the  development  of  critical 
items  as  CFE.  This  is  an  obvious  and  natural  preference  from 
the  standpoint  of  the  prime  contractor.  After  an  item  becomes 
developed,  it  might  become  GFE  and  be  made  available  to  other 
systems,  although  this  outcome  appears  to  occur  in  very  few 
cases . 

In  some  instances,  the  aircraft  and  engine  R&D  programs 
are  carried  on  under  project  names,  or  designations,  that  are 
different  from  the  ultimate  designation  of  the  program  (e.g., 
the  F-15  airplane  went  through  a long  program  definition  study 
phase  known  as  the  F-X).  During  this  study  phase,  both  engine 
and  radar  developments  were  started,  although  they  were  not 
completed  before  the  airframe  development  program  began.  We 
consider  these  to  have  been  early  developments  of  long  leadtime 
items . 

Another  early  (though  unsuccessful)  development  associated 
with  the  F-15  was  the  GAU-7  gun.  The  experience  with  this  gun 
indicates  that  high-risk  items  should  not  be  tied  to  a particu- 
lar program.  Delays  in  the  development  of  the  item,  can  threaten 
delays  in  the  aircraft,  thereby  forcing  the  program  manager  to 
substitute  proven  technology  of  lower  performance  than  con- 
sidered desirable. 

Some  recent  experiences  indicate  that  high-risk  items 
should  not  be  tied  to  a major  system  program  (technology  demon- 
stration should  be  independent ) . But  major  programs  are  an 
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Important  source  of  funds,  and  ne\  programs  are  catalysts  for 
ideas  on  new  developments  beyond  ' he  technology  demonstration 
stage.  The  aircraft  companies  identify  areas  where  particular 
incremental  developments  or  applli atlons  would  benefit  their 
projects,  and  they  use  IR&D  funds  in  many  instances.  The  com- 
panies will  seek  contracts  for  fo_lowon  R&D  (especially  tech- 
nology demonstration),  not  only  for  the  funding,  but  also  for 
a form  of  endorsement  or  qualification  of  the  equlpm.ent  in 
terms  of  the  sponsor's  project  report,  assuming  that  the 
equipment  passes  the  qualification  tests. 

While  designers  will  tailor  and  custom  design  systems  to 
get  better  performance  and  will  try  to  avoid  performance  penal- 
ties associated  with  standard  parts,  components,  or  subsystems, 
prototype  budgets  are  often  inadequate  and  can  cause  short  cuts 
that  are  regretted  later. 

II.  A-4  AIRCRAFT  SERI ES--DOUGLAS  AIRCRAFT  COMPANY 

The  A-4  was  designed  in  the  early  1950s  by  the  Douglas 
Aircraft  Company  (El  Segundo)  as  a carrier-based  attack  plane. 
Douglas  (El  Segundo)  created  many  new  aircraft  designs  in  the 
early  1950s.  One  new  aircraft  design  per  year  was  typical,  and 
they  were  pushing  the  limit  of  that  technology,  i.e.,  the  air- 
craft itself  was  the  limit.  The  subsystems  were  relatively 
simple  and  the  equipment  could  be  made  by  the  company  itself, 
although  it  chose  not  to  make  small  standard  parts.  For  ex- 
ample, Douglas  made  its  own  landing  gear.  After  a prototype 
was  built  and  tested,  it  farmed  out  the  fabrication,  from  the 
company  drawings,  to  subcontractors.  This  "make  it  inhouse" 
philosophy  was  typical  of  the  El  Segundo  Division.  On  the  other 
hand,  the  Santa  Monica  Division  of  Douglas  was  oriented  towards 
commercial  aircraft  and  tended  to  buy  subsystems  from  outside 
suppliers . 


The  A-4  was  designed  with  the  El  Segundo  philosophy.  It 
was  equipped  with  unsophisticated  electronics  and  with  meager 
navigation  equipment.  The  basic  communications  and  electronics 
weighed  120  lb,  originally.  As  experience  was  gained  with  the 
airplane,  it  was  decided  that  more  electronics  and  avionics 
were  needed. 

There  were  two  ways  to  develop  these  items: 

a.  They  could  be  planned  as  GEE  from  the  beginning,  or 

b.  They  could  begin  as  CPE,  where  the  company  had  re- 
sponsibility for  development.  Later  this  equipment 
would  become  GEE,  after  t-he  development  problems  had 
been  solved. 

Douglas  preferred  the  latter  mode. 

The  new  equipment  for  the  A-^  required  going  to  subcon- 
tract competitions  among  specialist  houses.  And  the  equipment 
bought  in  this  way  usually  had  very  specific  functions. 

Table  G-1  shows  the  evolution  of  the  A-^  and  its  sub- 
systems. The  changes  were  always  short-term  improvements. 

There  was  no  long-range  plan  for  these  developments,  because 
each  modification  to  the  A-A  was  m.ade  for  the  next  buy,  which 
was  a small  number  of  aircraft.  With  the  exception  of  the 
engine  and  the  AN  avionics  equipment,  most  of  the  subsystems 
v/ere  developed  specifically  for  tiie  . 

Some  specific  systems  are  singled  out  for  discussion, 
because  they  illustrate  some  general  points  that  are  worth 
noting. 

A . Escape  System 

The  Douglas  Aircraft  Company  develops  and  sells  escape 
systems.  In  concept,  each  one  differs  slightly  from  the  next. 
This  requires  new  development  and  new  design,  and  there  is  non- 
recurring money  spent  on  qualification  testing.  For  example, 
the  divergence  from  the  aircraft  must  be  tested  for  each  escape 
system,  which  requires  zero-zero  trials  and  sled  tests.  Even 
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TABLE  G-1.  EVOLUTION  OF  THE  A-4  AIRCRAFT  AND  ITS  SUBSYSTEMS 
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though  escape  systems  are  well  dev.eloped  and  different  models 
may  use  some  common  elements,  a development  and  qualification 
program  is  neeaed  for  each  system,  because  the  systems  are 
tailored  to  each  aircraft  type. 

B . Angle  Rate  Bombing  System  (ARBS) 

The  ARBS  (Addendum  1)  originated  as  a specific  solution 
to  the  problem  of  the  A-4  not  having  a satisfactory  air-ground 
weapon  delivery  system.  The  Navy  had  been  pressuring  the 
Marine  Corps  to  adopt  the  A-7  airplane,  Insteaa  of  modifying 
the  A-A.  But  the  Marine  Corps  could  not  support  the  A-7 
system,  because  of  its  cost.  Through  modification  of  the  A-^ 
airframe,  visibility  was  Increased,  and  performance  was  im- 
proved by  installing  a new  engine.  The  Marines  also  wanted  to 
add  a new  weapon  delivery  system  that  would  provide  good  de- 
livery accuracy. 

To  develop  this  new  system,  the  Marine  Corps  funded  a de- 
velopment program  at  NOTS,  China  Lake.  Feasibility  testing  of 
the  new  system  occurred  in  the  early  1970s,  and  a flyoff 
between  two  contractors,  Martin  and  Hughes,  was  held.  Hughes 
won  the  development  contract.  But  further  demonstration  is 
planned  to  show  performance  and  reliability.  The  hardware  for 
the  next  demonstration  is  to  be  available  in  1977,  after  which 
full-scale  development  will  start.  The  IOC,  however,  is  not 
expected  for  several  years.  In  contrast  with  the  ARBS  develop- 
ment program  of  the  Marine  Corps,  which  will  take  from  seven 
to  nine  years,  McDonnell  Douglas  claims  to  have  developed,  in 
two  years,  an  equivalent  system  for  the  Israeli  Air  Force.  The 
Navy  has  shown  little  interest  in  expediting  the  Marine  Corps 
ARBS  development,  since  it  regards  it  as  benefitting  only  the 
Marine  Corps. 

Nevertheless,  the  general  bombing  system  that  will  result 
from  the  development  program  could  also  be  used  in  other  air- 
craft, such  as  the  AV-8A  and  the  A-10.  However,  each  of  these 
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aircraft,  would  have  to  use  a buffer  to  provide  an  interface 
between  the  equipment  and  the  sensors,  since  each  aircraft  has 
different  sensors.  A new  "heads-up"  display  would  also  be 
needed.  Thus,  although  there  is  some  potential  for  commonality, 
additional  development  would  be  needed  to  realize  this  poten- 
tial. 

The  case  of  the  ARBS  Illustrates  how  interservice  politics 
can  influence  technological  developments.  It  also  illustrates 
how  a lack  of  Interface  standardization  imposes  additional 
buffer  equipment  requirements,  thereby  inhibiting  the  potential 
common  use  of  equipment,  such  as  the  ARBS. 

C . Engines 

Pratt  & Whitney  proposed  to  McDonnell  Douglas  an  upgrading 
of  the  J52  engine  for  the  A-^.  The  proposal  was  a result  of  a 
direct  request  from  Grumman  in  19fv8  for  more  power  for  the 
EA.6B.  Pratt  & Whitney  wanted  to  enlist  Douglas  to  broaden  the 
customer  base.  At  that  time,  the  Navy  was  thinking  about  cut- 
ting out  the  A-4  program,  but  the  Marine  Corps  decided  to  buy 
the  A-4M  with  a new  engine;  then  Grumman  backed  away  from  their 
request . 

III.  F-15  AIRCRAFT--MCDONNELL  DOUGLAS  (Mac-Air) 

The  F-15  is  the  outgrowth  of  years  of  studies,  beginning 
with  followons  for  the  F-lOO  and  continuing  through  the  F-X . 

Most  of  the  avionics  equipment  In  the  F-15  was  CFE,  except  the 
IFF.  The  Air  Force  specified  the  performance  requirements, 
although  the  final  conti’act  specified  certain  equipment;  for 
example,  in  the  case  of  the  ARC-109  radio,  Mac-Air  wrote  the 
specifications  and  then  requested  bids,  looking  in  particular 
for  equipment  already  in  production.  The  evaluation  procedure 
considered  costs,  but  a low  bid  was  not  the  only  criterion. 
Except  for  the  radar  and  Inertial  navigation  systems,  fixed- 
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systems  (INS)  were  CPFIF.  In  these  Instances,  Mac-Air  tried 
to  get  equipment  that  was  available  within  state  of  the  art  and 
not  beyond  it.  However,  in  the  case  of  the  INS,  the  size  and 
weight  were  beyond  the  state  of  the  art,  but  not  performance. 
Mac-Air  designed  the  interfaces  for  the  avionics.  It  believes 
that  the  computer,  which  processes  data  from  the  subsystem, 
should  be  a part  of  the  subsystem;  for  example,  the  radar,  INS, 
or  ADC  should  each  have  its  own  computer,  and  a central  com- 
puter should  be  avoided. 

The  F-15  radar  program  started  two  years  before  the  F-15, 
using  requirements  generated  in  previous  studies  (e.g.,  F-X ) . 
These  included  a threat  study,  mission  study,  and  a requirement 
for  one-man  operability.  There  were  also  weight  restrictions 
for  the  prototype.  The  dish  size  and  antenna  type  were  speci- 
fied. The  "look-down"  requirement  meant  that  the  side  lobes 
had  to  be  small.  Two  flying  prototypes  were  contracted  for 
and  were  flown  on  a B-66.  Under  the  F-15  contract,  Mac-Air 
decided  upon  the  winner  of  the  flyoff. 

In  the  F-X  program,  a new  gun  was  specified.  Philco  and 
GE  both  developed  guns  and  ammunition,  using  a caseless  ammuni- 
tion concept.  Then,  a vulnerability  problem  developed  with 
respect  to  the  ammunition.  The  aircraft,  in  effect,  was  sit- 
ting on  a bomb.  The  Air  Force  program  manager  decreed  that  the 
gun  development  program  would  be  canceled,  if  the  problem  was 
not  worked  out  and  if  the  developed  gun  was  not  available  for 
installation  on  the  176th  F-15.  Philco  was  selected  to  complete 
the  gun  program,  although  it  had  done  a poor  job  with  the  M-39 
gun.  Mac-Air's  viewpoint  is  that  the  program  was  ill  conceived. 
It  believes  that  guns  should  be  GFE,  common  to  other  aircraft. 
The  GAU-7  program,  tied  to  a particular  aircraft,  was  a mistake, 
(see  appendix  D) 

Examples  that  are  given  to  illustrate  the  role  of  IR&D  in 
developing  systems  and  components  for  the  F-15  make  a reasonable 
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case  for  the  IR&D  work  being  focused  by  application  and  for  the 
prime  contractor  being  in  a good  position  to  assign  priorities 
to  applications  and  problems.  There  was  a requirement  from  the 
SPO  that  undemonstrated  hardware  could  not  be  put  into  the  F-15; 
therefore,  it  was  to  Mac-Air's  advantage  to  seek  contracts  for 
hardware  demonstrations. 

IV . F-5/F-1 7/F-18--AIRCRAFT-N0RTHR0P 

In  Northrop  designed  aircraft,  the  subsystems  are  tallor-ed 
specifically  to  the  aircraft.  Consequently,  in  the  case  of  the 
F-5,  it  was  necessary  to  repackage  the  outside  procured  escape 
system,  which  then  had  to  be  requalifled.  The  Martin  Baker 
seat  for  Iranian  aircraft  had  to  be  modified  to  fit  the  F-5. 

In  the  case  of  armiament , the  racks  are  GPE.  The  MAU^IO  had  a 
special  weapons'  capability  that  was  not  needed.  The  MAU50 
was  developed  for  the  F-5  (l4-in.  spaces  and  1000-lb  store 
capability).  The  MAU^IO  was  centerline  mounted;  the  MAU5C  was 
pylon  mounted.  The  AIM-9  launcher  on  the  wing  tip  was  CFE. 

The  standard  launcher  would  not  fit,  and  a nev/  shell  had  to  be 
developed.  Northrop  will  develop  new  launchers,  with  a con- 
tract to  Hughes,  because  the  Government  could  not  provide  them 
on  schedule.  Northrop  claims  that  slow  Government  response 
is  the  main  reason  why  initial  procurement  goes  CFE. 

The  NORSIGHT  fire  control  system  (PCS)  was  developed  in- 
house  with  company  funds.  It  was  later  licensed  to  Chicago 
Aerial  Industries.  Besides  being  used  on  the  F-5/A/B,  it  was 
also  used  on  the  A-9  and  A-10  aircraft.  The  PCS  for  the  F-5E 
was  developed  especially  by  Emerson,  the  subcontractor,  with 
radar  systems  components  derived  from  the  B-52  tail  gun  radar. 
The  antenna,  however,  was  tailored  to  the  aircraft.  The  lead 
computing  sight  was  developed  specifically  by  GE  for  the  F-5E, 
and  was  also  used  on  the  F-4E.  The  laser  designator  for  the 
F-5  is  a repackaged  "Pave  Way"  from  the  F-4. 
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The  T-38/F-5  aircraft  are  the  antecedents  of  the  F-I7/F-I8. 
Tables  G-2,  G-3,  G-^,  and  G-5  show  the  selection  evolution  of 
the  fire  control  system,  electrical  system,  escape  system,  and 
the  engine.  Table  G-6  shows  the  evolution  of  weapons  capabil- 
ity, and  Table  G-7  gives  weapons  store  station  capacity. 

The  J85  engine  was  developed  for  the  Quail  missile  and 
later  man-rated.  The  F-5  Influenced  the  J85  program,  and  IRAD 
funds  were  used  to  Increase  engine  thrust. 

The  Air  Force  wanted  to  use  the  Air  Force-developed  but 
unproven  ACES  seat  in  the  F-17.  Northrop  resisted  and  held 
fast  for  the  proven  Stancel  seat.  The  Air  Force  proposed  that 
the  ACES  be  used  in  the  F-I6,  but  General  Dynamics  chose  the 
Stancel  seat,  so  the  ACES  seat  is  still  an  orphan  development. 

Bendlx  built  an  Air  Force-developed  lightweight,  high  per- 
formance air  data  computer.  Four  items  were  delivered  to  the 
Air  Force  and  two  of  them  were  used  by  the  YF-17  program. 

In  197^,  the  air  combat  fighter  (ACF)  had,  as  prospective 
suppliers  for  inertial  navigation  systems.  Singer,  Litton,  and 
Delco.  The  Litton  systemi  was  the  most  advanced,  but  did  not 
use  proven  technology.  General  Electric  selected  the  Singer 
SKN2^00.  Again,  the  tradeoff  between  risk  and  performance  was 
settled  in  favor  to  low  risk.  (This  raises  a question  of  what 
"off-the-shelf"  means?)  For  the  YF-17,  Rockwell  built  a special 
: idar  with  range  and  range  rate--gunnery  radar,  a derivative  of 
a Navy  gunboat  radar. 

Aircraft  contractors  are  reluctant  to  let  anything  change 
the  external  shape  of  an  aircraft  and  generally  with  good  rea- 
son. For  example,  putting  in  the  M-6I  gun  deepened  the  F-17 
fuselage  and,  consequently,  reduced  the  directional  stability 
with  angle  of  attack.  Strakes  had  to  be  added  to  improve  the 
stability.  The  fuselage  change  could  have  been  avoided  by 
modifying  the  ammunition  drum  and  making  it  smaller.  But 
Northrop  did  not  want  to  modify  the  proven  gun  system  at  this 
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TABLE  G-2.  GROWTH  OF  T-38/F-5  FIRE  CONTROL  SYSTEM 


Aircraft 

Model  Fire  Control  System 

T-38A  None 

NJ56F  AN/ASG-20  radar 

AN/AAR-18  I/R  search 
Mark  I bomb  director  system 
Optical  sight 
Missile  release  computer 

F-5A/B  NORSIGHT 

CF-5A  LCOSS 

F-5E/F  AN/APQ-153/APQ-157  Fire  Control  Radar 

AN/ASG-29  LCOSS 


F-5E/F  AN/APG-153  (mod )/APQ-l 57  (mod)  FCR 

Saudi  AN/ASG-29  (mod)  LCOSS 

Improvement 


Remarks 

No  armament  capability 
Range  only  radar 


Fixed  sight 

Unstabilized  manual  depressed  (iron)  sight 

Feranti  ISIS-N  LCOSS 

Ist-order  linear  predictor-A/A  guns 

A/G  bunt  delivery 

A/A  search,  boresight  steering 
and  ranging  radar 

A/A  gunnery  - manual  and  nonmanual  target  modes 
0/F  mode  A/A  guns 
A/A  missile  mode 

A/G  manual  depressed,  roll  stabilized  recticle 

Additions:  Flat  plate  antenna 

Frequency  agility 
Angle  tracking 
CRT/DSC  for  Maverick 
Missile  dogfight  mode 
40  mil e A/A  seal e 
Off-boresight  acquisition 
Pi pper' slavi ng 
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TABLE  G-3.  GROWTH  OF  T-38/F-5  ELECTRICAL  SYSTEM 


Aircraft 


Model 

Generator  System  Capacity 

Prime  Mover  Source 

T-38A 

115/200  V,  320  to  480  Hz, 
3 phase,  8-10  kva 
2 generators  per  A/C 

NAD-designed  2-speed  gearbox 
Prime  moved  by  the  engine 

N-156F 

115/200  V,  320  to  480  Hz, 
3 phase,  8-10  kva 
2 generators  per  A/C 

NAD-designed  2-speed  gearbox 
Prime  moved  by  the  engine 

F-5A/B 

115/200  V,  320  to  480  Hz, 
3 phase,  8-10  kva 
2 generators  per  A/C 

NAD-designed  2-speed  gearbox 
Prime  moved  by  the  engine 

CF5A/D 

115/200  V,  3 phase,  400  Hz, 
15  kva,  2 generators  per  A/C 

Sunstrand  CSD  prime  moved  by 
the  engine 

NF5A/B 

115/200  V,  3 phase,  400  Hz, 
15  kva,  2 generators  per  A/C 

Sunstrand  CSD  prime  moved  by 
the  engine 

F-5E/F 

115/200  V,  3 phase,  320  to  480  Hz, 
13-15  kva,  2 generators  per  A/C 

NAD-designed  2-speed  gearbox 
Prime  moved  by  the  engine 
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TABLE  G-4 


GROWTH  OF  T-38/F-5  ESCAPE  SYSTEM 


Aircraft 

Mode) 

T-38 


T-38 

N-156F 

F-5A/B 


F-5E 

(Basic) 


F-5E/F 

(Iran) 


F-5E/F 

Saudi  Arabia  & 
F-5E  USAF 


Configuration 
Northrop  Seat 


Remarks 


• M-5  catapul t 

• 28-ft,  C-9  parachute 

• Powered  seat/man  strap  separator 

• Arm,  leg,  and  calf  supports 

• Automatic  sequencing 


Escape  envelope  limited,  since  M-5 
catapult  did  not  incorporate  any 
rocket  thrust.  High  speed  limited 
by  tail  clearance  (A/C  later 
retrofitted  with  M-9  rockets). 

Envelope:  120  knots  minimum  P zero 

Altitude.  Limited  high 
speed . 


Northrop  Seat 

Same  as  above,  except  M-9  rocket/catapult 


Rocket  sustainer  provides  Increased 
escape  envelope  and  tail  clearance. 

Envelope:  120  knots  minimum  9 zero 

altitude  up  to  600  knots. 


Northrop  Seat 


Same  as  above  except  M-38  rocket/catapult  • Adjustable  thrust  vector  provides 

seat  stabilization,  reducing  seat 
pitch  rotation. 

• Increased  catapult  thrust,  resulting 
in  higher  aircraft  separation  velocity. 

Envelope:  120  knots  minimur  9 zero 

altitude  up  to  600  knots. 


Martin  Baker  Seat  - MK-IRQ-7A 


• Separate  rocket  and  catapult 

• Drogue  chute  (stabil ization, 
deceleration,  and  separation) 

• Powered  inertial  reel 

• 24-ft  parachute  with  antisquid 

• Leg  strap  restraint 

Northrop  Improved  Seat 


Escape  envelope: 

• Zero  speed  at  zero  altitude  up  to 
600  knots . 

• Chute  canopy  full  inflation  at 
150  knots  = 3.5  sec. 


• M-38  rocket  catapult 

• Drogue  chute  (stabilization, 
deceleration,  and  separation) 

• 28-ft  parachute,  with  ballistic 
spreader  (or  pull-down  vent) 

• Faster  automatic  sequence,  resulting 
in  faster  chute  inflation. 


50  knots  at  zero  altitude  up  to 
550  knots 

Seat  stabilized  with  drogue  0 
catapult  burnout 
Chute  canopy  full  inflation  at 
150  knots  = 3.1  sec. 


TABLE  G-5.  GROWTH  OF  T-38/F-5  ENGINE 


Aircraft 

Model 

Engine 

Design 

Thrust  Level 
Mil itary/Maximum,  lb 

Engine  and  Airframe 
Installation  Changes 

T-38 

J-85-9E-5 

2680/3850 

Basic 

N-156F 

YJ85-9E-13 

2720/4080 

New  Supersonic  inlet 

F-5A/B 

J85-9E-13 

2720/4080 

Same  as  above 

GF-5/NF-5 

J85-9E-15 

2925/4300 

Added  auxiliary  T.O.  doors 

F-5E/F 

J85-9E-21 

3500/5000 

Increased  induction 
system  size 

F-5B  Saudi 

J-85-9E-13 

2720/4080 

Added  auxiliary  T.O.  doors 

Arabia 
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TABLE  G-6.  GROWTH  OF  T-38/F-5  WEAPONS  CAPABILITY 


Aircraft 

Model 

Store 

Stations 

Guns 

Missiles 

Fire  Control 
System 

T-38 

N-156F 

1 CL  pod 

3 Pylons 

2 Wing  tips 

Two  50-caliber  M-3 
gun  pods 
(wing  pylons) 

2 AIM-9S 

NORSIGHT 

F-5A/B 

5 Pylons 
2 Wing  tips 

Two  20-mni  M-39s 
(F-5A  only) 

2 AIM-9S 
4 AGM-12BS 
(Bui  1 pup) 

NORSIGHT 

NF-5A 

5 Pylons 
2 Wing  tips 

Two  20-mm  M-39s 

2 AIM-9S 
4 AGM-12BS 
(Bui Ipup) 

NORSIGHT 
ARW-77  missile 
radio  control 

F-5E/F 

5 Pylons 
2 Wing  tips 

Two  20-mm  M-39s 
One  20-mm  M-39(F) 

2 AIM-9S 

Fire  control 
Radar 

Lead  computing 
sight 

F-5  Saudi 
Arabia 

5 Pylons 
2 Wing  tips 

Two  20-mm  M-39s 
One  20-mm  M-39(F) 

2 AIM-9S 
4 AGM-65AS 

(Maverick) 

Improved  Radar 
Lead  Computing 
sight 

Laser  designator 
(^-5F) 

TABLE  G-7. 

GROWTH  OF  T-38/F-5  WEAPONS  STORE 

STATION  CAPACITY  (lb  class) 

Ai rcraft 
Model 

Wing  rip 

Outboard 

Inboard 

Centerl ine 

T-38 

- 

- 

500 

(luggage  pod) 

N-156F 

450 

- 

1000 

2000 

F-5A/B 

450 

750 

1000 

2000 

NF-5A 

450 

750 

1000 

2000* 

2000 

F-5E/F 

450 

1000 

2100 

3000 

F-5  Saudi 

★ 

450 

1000 

2100 

3000 

★ 

At  reduced  load  factor  for  275-gallon  tanks 
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point.  Also,  the  accessory  gear  box  and  the  afterburner  are 
tailored  to  fit  the  shape  of  the  F-17  aircraft,  although  the 
basic  engine  is  designed  to  meet  the  aircraft  performance  re- 
quirements . 


ADDENDUM'  1 
(Appendij.  G) 

THE  ANGLE  RATE  BOMBING  SYSTEM 

The  Angle  Rate  Bombing  System  (ARBS)  is  an  Im.proved  weapon 
delivery  system.  It  consists  of  a dual-mode  sensor/tracker,  a 
head-up  display  for  the  pilot,  and  a digital  computer  for  wea- 
pon release  computation.  The  dual  modes  of  the  sensor/tracker 
are  TV  and  laser  spot  tracking. 

Bombing  systems  for  attack  aircraft  that  use  ungulded  wea- 
pons require  the  accurate  determination  of  weapon  release  con- 
ditions, together  with  a means  for  presenting  this  information 
to  the  pilot . 


Early  bombing  systems  used  the  aircraft  fixed  sight. 

Later  Improvements  used  sensor  inputs,  e.g.,  air  speed,  baro- 
metric altitude,  and  radar  range. 

Recently  developed  advanced  systems  use  doppler-lnertial 
velocity  measurements  obtained  from  the  aircraft  Inertial  plat- 
form, e.g.,  A-7E.  These  technological  advances  bring  v;ith  them 
additional  cost  and  comiplexity. 

Developments  in  air-ground  tracking  systems  perm.lt  their 
application  to  the  tactical  bombing  problem.  The  basic  idea 
is  to  provide  the  weapon  delivery  computer  with  target  llne-of- 
slght  angles  and  angular  rates.  These  measurem.ents  are  obtain- 
able from  a gyro-stabilized  tracking  head,  which  locks  on  to  a 
target  and  tracks  it.  The  computer  also  requires  inputs  of 
aircraft  attitude,  true  air  speed  or  ground  speed,  and  weapon 
ballistic  characteristics.  The  tracker  can  use  a TV  system  or 
a laser  spot  tracker  and  laser  target  designator. 


In  FY65,  the  Naval  Weap.'Ons  Center  (NWC)  began  preliminary 
studies  of  an  ARBS.  The  experimental  development  led  to  hard- 
ware that  was  based  on  a gyrostabilized  TV  tracker,  which  could 
be  carried  externally  on  an  A-^  at  the  center  station. 

This  px’Ogran  was  developed  independently  of  prior  angle 
rate  bombing  systems  (e.g..  Trim,  Shed-light),  which  were  de- 
signed for  level  flight  tactical  bombing. 

Flight  tests  with  the  two-axis  trackei’  revealed  problems 
in  tracker  performance  and  stability.  Analyses  indicated  that 
these  problems  could  be  fixed  by  providing  roll  stabilization 
(l.e.,  a 3-axis  tracker).  The  3-axis  tracker  study  and 
develcpiTient  continued  through  FY69-  In  FY70  the  work  on  de- 
signing, testing,  and  evaluating  two  prototype  3-axis  TV 
trackers  was  continued.  Flight  testing  and  system;  definition 
work  was  started,  and  in  FY71  the  NWC  conducted  a program  to 
demonstrate  technical  feasibility  and  tactical  utility  of  ARBS 
for  naval  aircraft.  (This  system  differs  from  the  previous 
angle  rate  systems  in  that  it  is  designed  for  single- 
seat  aircraft  (i.e.,  the  pilot  uses  it),  and  the  aircraft  can 
be  maneuvering  or  jinking  while  attacking. 

In  FY72,  NAVAIR  was  directed  by  OPNAV  to  stop  funding  the 
ARBS  development.  There  was  no  "home"  for  the  system:  and  no 
Navy  funds  were  available.  The  Air  Force  Avionics  Laboratory 
funded  the  program  during  this  period  and  kept  the  advanced 
development  program,  alive. 

In  FY73,  the  USMC  entered  the  picture,  and  tradeoff 
studies  were  initiated  leading  to  an  engineer jng  development 
program;  with  Navy  funding  resumed.  OPNAV  directed  that  the 
ARES  be  usable  in  the  HARRIER  and  the  AX  although  the  A-1 
was  still  the  first  priority.  Prototype  system, s were  developed 
and  flight  tested  through  FY75>  ending  with  a source  selection, 
based  on  a flyoff.  In  early  FY75- 
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The  ARBS  requirements  included 

• Laser  target  designator  system  (LTDS) 
com.patibility 

• Accuracy  of  10  mil  or  better  for  unguided 
ordnance 

• Dual  mode , e . g . : 

-Day-visual 

-Night-laser  designator 

• Backup  delivery  modes,  e.g.,  fixed  sight 

• Maximum  use  of  off-the-shelf  items. 


Hughes  Aircraft  won  the  flyoff  competition  against  the 
Martin  Company,  and  it  will  build  nine  systems.  The  timetable 
for  the  ARBS  program  with  Hughes  is: 


April  1975 
September  1975 
March  1976 
August  1976 
November  1976 
Date  deleted 
Date  deleted 

The  analysis  of  the  ARBS  leads 


Contract  with  Hughes  signed 
Design  review 
First  test  item  due 
First  A^-M  test 
T&E 

Release  to  production 
First  production  items  due 

us  to  these  observations: 


• The  Navy  was  aware  that  the  ARBS  could  be  used  in 
several  different  aircraft,  and  it  required  that 
multlaircraft-use  considerations  be  included  in  the 
engineering  development. 

• The  procurement  of  the  A^-M  and  the  development  of 
ARBS  for  the  A^l-M  by  the  USMC  were  in  direct  conflict 
with  the  Navy's  interest  in  reducing  the  unit  cost 

of  its  A-7s  by  increasing  the  A-7  production  run. 

- The  ARBS  flyoff  competition  and  the  lengthy  develop- 
ment program  were  a consequence  of  the  differing 
Interests  of  the  Navy  and  the  Marine  Corps.  In  effect 


G-19 


the  flyoff  demonstration  was  a compromise,  and  the 
program  was  able  to  continue  in  advanced  develop- 
ment without  a commitment  for  implementation. 

Although  the  program  has  suffered  delays  In  reaching 
the  production  stage.  It  is  not  clear  that  this  was 
harmful.  The  equipment  will  be  extensively  tested 
prior  to  release  to  production. 

The  ARBS  was  an  Independent  development.  It  entered 
engineering  development  with  a "home"  in  the  Marine 
Corps  AiJ-M,  and  with  a specific  directive  that  it  be 
suitable  for  use  in  AX  and  Harrier. 

Prom  its  beginning  to  the  delivery  of  production  hard- 
ware, the  ARBS  program  will  have  spanned  many  years. 

In  contrast,  the  Israeli  A^-Ns  were  supplied  with  a 
Lear-Siegler  weapon  delivery  system,  in  which  the 
radar  and  inertial  components  were  developed  in  a 2- 
year  program  by  using  concurrent  development  and  pro- 
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FIGHTER  AIRCRAFT  ENGINES 


I.  BACKGROUND 

Up  to  the  late  1950s,  new  fighter  aircraft  engines  were 
generally  started  as  directed  developments  concurrent  with 
new  aircraft  development.  Some  engine  programs  were  initiated 
by  contractors,  with  their  own  funds,  and  were  picked  up  later 
by  the  military  services  (e.g.,  YS-101,  TF-30)  for  use  in  a 
particular  aircraft  (l.e.,  directed  development).  However, 
these  Instances  do  not  constitute  early  development,  because 
they  advanced  to  engineering  development  having  a designated 
home,  i.e.,  a specific  airframe  that  would  use  that  engine. 

In  the  1960s,  the  number  and  types  of  developed  military 
aircraft  engines  were  restricted  by  Increases  In  system  cost 
and  complexity.  The  Air  Force  initiated  programs  for  testing 
advanced  components,  gas  generators,  and  engines  termed 
Advanced  Demonstrator  engines  or  Advanced  Developments.  The 
Lightweight  Gas  Generator  (LWGG)  program  began  in  1959  and  it 
led  to  the  Advanced  Turbine  Engine  Gas  Generator  CATEGG)  pro- 
gram (1965).  The  ATEGG  program  attempts  to  assess  performance, 
structural  capability,  and  component  Interactions. 

In  1968,  the  Aircraft  Propulsion  Subsystem  Integration 
Program  (APSI)  was  initiated  to  address  alrframe/englne  capa- 
bility, and  it  includes  the  testing  of  engine  assemblies. 
Figures  H-1  and  H-2  show  the  General  Electric  (GE)  and  Pratt 
and  Whitney  (P&VI)  programs.  The  APSI/ATEGG  programs  are  in- 
tended to  reduce  the  risk  associated  with  the  transit Icn  from 
advanced  development  into  engineering  development.  A goal  of 
the  APSI/ATEGG  concept  was  to  give  Industry  and  the  Government 
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FIGURE  H-2.  Pratt  and  Whitney  Advanced  Engine  Programs  - Technology  Transfer 


confidence  in  the  technology  base,  through  successful  demon- 
strations of  advanced  technology. 

The  concept  of  technology  demonstration  programs  appears 
sound  in  principle.  In  practice,  however,  there  are  several 
major  technical  difficulties  in  taking  engines  through  engi- 
neering development.  These  are  related  to  the  APSI/ATEGG  pro- 
grams and  yet  they  fall  outside  their  scope.  The  APSI/ATEGG 
programs  do  not  demonstrate  durability  and  do  not  produce  com- 
ponents suitable  for  production. 

The  technical  adequacy  and  management  of  aircraft  engine 
developments  have  been  questioned  by  GAO,  APLC , USAF/SAB.  The 
SAB  recommendations  included:  avoiding  (compressed)  concur- 

rency, revitalizing  the  advanced  development  gas  turbine  pro- 
grams, and  providing  one  to  two  years  of  service  test  before 
full  production  release. 

The  GAO  reported  (May  197^)  that  extensive  development 
took  place,  under  the  Component  Improvement  Program  (CIP), 
which  was  concurrent  with  production,  because: 

• Engines  were  not  fully  mature  at  qualification  test- 
ing 

• There  was  a desire  for  more  capability 

• There  was  a misuse  of  funds. 

The  GAO  report  concluded  that  the  current  process  of  develop- 
ment/CIP  should  be  reassessed. 

The  response  was  to  propose  a new  development  process, 
whose  principal  features  are: 

• To  design  the  engine  with  ultimate  system  requirements 
in  mind  (more  than  performance) 

• To  complete  preliminary  design  analysis 

• To  use  a balanced  engine  test  effort 

• To  conduct  mission  usage  related  endurance  tests 
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• .To  give  a full  flight-envelope  aeromechanlcal  demon- 

stration 

• To  demonstrate  TBO/MOT 

• To  demonstrate  the  life  limit 

• To  give  a comprehensive  logistic  demonstration 

• To  give  a performance  and  stability  demonstration. 

The  ASD  phases  of  the  new  and  current  development  pro- 
cesses for  engines  and  airframes  are  illustrated  in  Figs.  H-3 
and  H-4.  A Navy  version  of  an  idealized  engine  development 
process  is  given  in  Fig,  H-5. 

II.  F-401  EXAMPLE 

One  of  the  most  important  examples  of  a program  that  was 
hurt  by  technical  failures  is  the  engine  development  for  the 
F-14B.  In  1968,  the  FX  program  office,  which  was  working 
towards  a new  Air  Force  fighter,  awarded  competitive  contracts 
for  $50  million  each  to  P&W  and  GE.  Each  company  was  to  build 
two  prototype  engines;  one  for  Air  Force  application  and  the 
other  for  the  Navy  for  the  F-14B.  The  Air  Force  engine  was  de- 
signated the  F-lOO  and  the  Navy  engine  was  called  F-401.  The 
engines  for  the  Air  Force  and  the  Navy  F-14B  were  to  be  devel- 
oped under  a joint  program  and  were  to  use  a common  gas  gener- 
ator. The  fans  and  turbines  were  to  be  specially  tailored  to 
suit  the  F-I5  and  F-14B  requirements. 

The  competition  was  won  by  P&W.  The  P&W  prototype  engines 
were  designs  that  were  based  on  J-58  and  JT-9D  technology,  i.e,, 
compressor  JT-9D,  variable  inlet  J-58,  and  turbine  J-58.  The 
exhaust  nozzles  and  controls  were  new.  A lightweight  design 
was  required,  and  the  design  thrust/weight  (T/W)  was  to  be  7, 
an  Increase  from  the  T/W  of  4 for  previous  engines . 

In  each  case,  technical  problems  appeared,  and  the  engines 
did  not  reach  their  original  specification  goal  for  performance 
and  durability.  In  the  case  of  the  F-lOO  engine  for  the  F-15, 
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FIGURE  H-4.  New  Development  Process  (ASD  Phases) 


FIGURE  H-5.  Suggested  Optimum  Engine  Development  Program  (Navy) 
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the  requirements  were  slightly  relaxed,  and  time  and  resources 
were  made  available  to  complete  the  development.  In  the  case 
of  the  F-401  engine  (F-14B),  the  performance  of  the  engine  (and, 
therefore,  the  F-14B)  could  not  be  reduced  because  of  the  pos- 
sible loss  of  program  support  by  Congress.  The  existence  of  a 
backup  system,  l.e.,  the  TF-30  engine  and  the  F-14A,  served  to 
reduce  the  sense  of  urgency  regarding  the  F-401,  because  Fleet 
Air  Defense  could  be  maintained  with  the  P-14a  and  Phoenix 
weapon  system. 

The  F-14B  program  was  cancelled,  due  to  a com.blnation  of 
cost  escalations  and  engine  difficulties.  The  Navy  subsequently 
conducted  a review  of  the  F-401  engine  development  at  the  re- 
quest of  Admiral  Hopkins  (AIR-93)- 

The  principal  conclusions  of  that  review  are : 

• More  effort  should  be  expended  in  category  6.3  in 
areas  other  than  performance  so  that  the  transition 
from  demonstrated  technology  to  production  hardware 
is  not  as  difficult  nor  time  consuming. 

• Establish  realistic  goals  achievable  within  allocated 
time  and  dollar  figures. 

• Insufficient  technology  base  existed  when  F-401  pro- 
gram was  undertaken.  This  occurred  because  of  a 10- 
year  reduction  in  R&T  effort  preceding  F-401  contract 
initiation . 

During  the  course  of  the  program,  there  were  changes  in 
the  engine  component  performance  requirements  that  pushed  the 
needed  com.ponent  technology  beyond  the  demonstrated  technology. 
These  changes  were  caused  by  deficiencies  in  the  overall  engine 
performance.  The  components  of  the  P&W  engine  that  won  the 
competition  would  not  meet  the  upward  revised  requirements,  and 
new  developments  had  to  start  with  a comipressed  schedule. 

The  F-401  engine  called  for: 
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• Higher  pressure  ratio 

• Higher  turbine  inlet  temperature 

• Variable  aerodynamic  component 

• Reduced  size  afterburner 

• Lightweight  construction. 

To  meet  the  overall  performance  requirements,  the  F-i(01 
design  would  be  pushing  the  state  of  the  art  in  component  per- 
formance, with  little  margin  for  further  Improvement  based  on 
existing  technology.  The  P-^01  engine,  as  built,  exhibited 
performance  deficiencies  that  were  attributed  mainly  to  com- 
ponent interactions.  These  interactions  were  unanticipated 
because  of  an  inadequate  technology  base. 

The  Navy  evaluation  of  the  F-401  pointed  out  that  although 
the  performance  deficiencies  were  distributed  throughout  the 
engine  and  not  assignable  to  a single  component  area,  the  prin- 
cipal sources  of  performance  loss  were  compressor  efficiency, 
overall  turbine  efficiency,  and  nozzle  velocity  coefficients. 

It  was  also  pointed  out  that  the  lightweight  engine  tech- 
nology and  structural  innovations  demianded  by  the  high  thrust/ 
weight  requirement  resulted  in  engine  flexibility.  This  flex- 
ibility required  increased  operating  clearances  of  rotor  blades 
and  seals  to  reduce  rub  caused  by  structural  deflections. 

The  contractor  attempted  to  regain  the  performance  loss, 
caused  by  leakage  and  component  interaction,  by  improving  the 
component  performance.  But  the  components,  i.e.,  fan,  com- 
pressor, combustor,  turbine,  and  nozzle,  were  already  close  to 
their  technological  limilts,  ana  correcting  deficiencies  and  im.- 
proving  performance  amounted  to  new  developments. 

Time,  money,  and  effort  could  eventually  correct  the  de- 
ficiencies. But  the  Navy  decided  that  the  gain  was  not  worth 
the  extensive  additional  funding  at  that  time. 
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Pro^rram  areas  were  related  to  R&T  programs  in  the  study 
for  Adm.lral  H pklns.  That  study  recommends  Increased  R&T 
effort  In: 

• Durability  assessment 

• ff-deslgn  performance  estimation 

• '^r-i^ture  mechanics 

• Titanium,  fires 

• Tecnnology  base  for  system  performance--cost/welght/ 
t -r- ''■‘■rmance  sensitl  vities  . 

III.  OBSERVATIONS 

• k new  engine  development  requires  several  years  lead 
time  over  an  airframe,  if  several  advances  beyond  the 
demonstrated  state  of  the  art  are  required. 

• Requirements  are  sometimes  unrealistic.  Performance 
goals  set  a priori  are  sometimes  unachievable  within 
the  tim.e  schedules. 

• The  requirement  for  very  lightweight  engines  leads  to 
structural  deficiencies,  e.g.,  engine  flexibility  and 
materials  mismatch. 

• The  problems  in  the  transition  from  technology  demon- 
strations to  production  hardware  are  more  difficult  to 
resolve  than  is  generally  admitted  by  the  developers. 

• At  present,  the  scaling  of  aeroelastlc  phenomena  is  a 
major  problem  for  advanced  engine  designs.  Extensive 
testing  and  development  of  full-scale  articles  must  be 
provided  over  the  range  of  flight/operating  conditions. 

• There  was  a mlsjudgment  of  the  technology  base,  because 
of  the  interpretation  of  APSI/ATEGG  results. 

• Endurance  tests  should  be  part  of  source  selection. 

• Program  rigidity  should  be  avoided.  There  should  be 
flexibility  to  permit  changes  in  specifications  during 
development,  without  miajor  revision  of  the  contract. 
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A small  relaxation  In  performance  requirement  can  yield 
a large  Improvement  in  aeroelastic  stability,  e.g., 
moving  away  from  blade  flutter  boundaries  (although  in 
this  case  relaxation  of  the  requirement  may  have  been 
politically  infeasible). 

• Changes  in  aircraft  and  mission  performance  require- 
ments that  occur  between  the  original  engine  proposal 
and  source/selection  time  cause  long-range  problems, 
i.e..  Component  Improvement  Program  (CIP). 


